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SUMMARY 

This paper presents a somewhat simplified consideration 
of the processes occurring in the magnetic recording of sound 
on steel tape, and describes some of the apparatus and methods 
used in this country in its application to broadcasting. 

A brief historical account is given of the early uses of 
magnetic recording. The essential processes involved aie 
then discussed in a simplified form, and the effects of the 
finite longitudinal spread of the recording field, and of the 
self-demagnetization of the tape, are considered before the 
question of background noise is introduced. 

In the next section certain fundamental experiments are 
described, followed by a brief account of various possible 
methods of saturating, recording, and reproducing. Con¬ 
siderations relating to the conditions for the optimum work¬ 
ing of any particular arrangement are put forward, with the 
results of tests of two of those which are now in use. Some 
details are given concerning the tape itself, after which a 
recording machine is described. 

The paper concludes with a short account of the technical 
and programme service requirements for a recording system 
for use in connection with broadcasting, and a description of 
a recording channel at the British Broadcasting Corporation’s 
premises at Maida Vale. 


SECTION (1) 

Introduction 

Very little information has been published in this 
country on the subject of magnetic recording on steel 
tape. The object of this paper is to give an outline of 
the theory, and to describe some of the methods and 
apparatus that have been developed by the British 
Broadcasting Corporation and Marconi's Wireless Tele¬ 
graph Co. during recent years. 

A certain amount of the elementary theory has been 
given in previous papers published in other countries, 
and some of this ground has been covered again. Apart 
from this, the scope of the paper is limited to work that 
has been carried out in this country alone. 

The research and development work on the subject is 
by no means complete, but a standard of performance is 
now obtainable which enables this system of recording 
to be extensively used in connection with broadcasting. 

History 

The process of magnetic recording was introduced by 
Poulsen under the name of the Telegraphone, and was 
used in conjunction with his arc system of radio-tele¬ 
graphy. Telegraph signals were transmitted at high 
hand speed and were recorded at the receiving station 
on a steel wire which was driven at a higher velocity 
when recording than during the subsequent reproducing 
* Reprinted from Journal I.E.E., 1938, vol. 82, p. 265. 


process. Thus the signals could be transcribed by the 
receiving operator at a convenient speed. In this appli¬ 
cation, variations in the velocity of the steel wire, and 
the effects of frequency or amplitude distortion, were 
relatively unimportant. The recording and reproducing 
electromagnetic .systems were somewhat crude when 
compared with present-day apparatus, but even at the 
early date of 1900, when the system was developed, 
Poulsen clearly proved the possibilities of the magnetic 
recording of sound, although suitable amplifiers employ¬ 
ing thermionic values were not available. 

About the year 1924 a German engineer, Dr. Stille, 
commenced his research on the subject. His work was 
entirely devoted to the problems associated with the 
recording of sound, and he made a careful study of both 
the electromagnetic and the mechanical problems in¬ 
volved. The greatest advantages accruing from Dr. 
Stille’s work were, first, the introduction of steel tape 
instead of wire, which overcame certain magnetic and 
mechanical difficulties, and, secondly, the development 
U an electromagnetic system which resulted in a reduc¬ 
tion of wave-form distortion. 

The developfnent of magnetic recording in this coun¬ 
try dates from the year 1930, when the British Broad¬ 
casting Corporation first tested the system under the 
name of the Blattnerphone. It was soon recognized 
that, in order to attain a standard of recording suitable 
for broadcasting purposes, the general performance of 
the equipment would have to Up considerably improved. 
Experimental work was can led out in collaboration 
with British Blattnerphone, Ltd., and this resulted in a 
marked improvement in the quality of reproduction. 
When the Empire broadcasting service was inaugurated, 
the system proved to be very useful for recording 
extracts from the home programmes for subsequent 
reproduction in the Empire transmissions. The first 
important programme to be radiated to the Empire by 
this means was that of Christmas Day, 1932, which 
included the speech of His late Majesty King George V. 

Early in 1933 Marconi’s Wireless Telegraph Co. 
designed a machine in which many of the mechanical 
difficulties experienced with earlier models have been 
overcome. Development work has been carried out by 
both the B.B.C. and the Marconi Co.; this has resulted 
in a further considerable improvement in the perfor¬ 
mance of the system. 

Fundamental Processes 

The process of magnetic recording depends funda¬ 
mentally upon two properties of steel; remanence and 
coercivity. It is by virtue of the property of coercivity 


[73] 
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that neighbouring elements in a length of steel can be 
magnetized, to a great extent, independently. 

Magnetic recording in its simplest form can be carried 
out by passing a length of steel tape or wire at constant 
velocity through an electromagnetic device (a recording 
head) which will produce variations in the distribution 
of remanent flux along its length. 

Reproduction can be effected by passing the magnet¬ 
ized tape at an identical velocity through a device (a 
reproducing head) which is sensitive to changes of the 
flux in the tape. The spatial variations of flux will then 
be transformed into alternations of e.m.f. with respect 
to time. In the ideal case these correspond to the 
original alternations applied to the recording head. 

It is necessary that any previous variations in the 
flux distribution in the tape should be removed before 
recor din g. This can be done by passing the tape 
through a " wiping head,” which magnetizes the tape to 
saturation. 

The essentials of the system are thus:— 

(1) A length of steel tape driven at constant velocity. 

(2) A wiping head. 

(3) A recording head. 

(4) A reproducing head. 

In the simplest case the heads might take the form of 
coils wound round the tape, but if consideration is given 
to the wide field distribution associated with such coils 
it is clear that it would be impossible to obtain satisfac¬ 
tory results with practicable tape velocities, except at 
very low frequencies. It is therefore necessary to 
introduce a medium of high permeability into the system 
in order to concentrate the field. 

The heads designed to perform these various functions 
are similar in appearance and construction; they are 
shown in Figs. 19 and 20 (Plates 1 and 2). Each head 
consisists of two similar blocks of insulating material 
held together by a hinge at the back. When closed a 
slot is formed for the tape to pass through. In each 
half a strip of magnetic alloy known as a pole piece 
may be placed, making^niechanical contact with the 
tape when the head is closed. The pole-pieces are at 
right angles to the plane of the tape and are surrounded 
by coils through which they are free to slide, the 
pressure of the pole-pieces on the tape being adjusted 
by spring-loaded plungers. One half of the head can 
be moved in relation to the other, in the direction of 
the movement of the tape, so that a variable longi¬ 
tudinal gap is formed between the two pole-pieces. 

The wiping, recording, and reproducing heads used in 
the experiments described have different types of coils 
and pole-pieces, but are in other respects identical. 

The tape may be magnetized longitudinally or trans¬ 
versely, through its width or through its thickness, or in 
any combination of these directions. It is generally 
accepted that transverse magnetization of the tape 
through its width gives inferior results. This paper is 
concerned essentially with longitudinal magnetization, 
though it is inevitable that there will also be a transverse 
component through the thickness of the tape. 

It is convenient in the first place to consider the 
various processes in a simplified form. Let it be assumed 
that the whole width of the tape is used, and that at any 


point in its length the flux distribution is siibstantially 
uniform over the cross-section. 

The wiping head carries a direct current adequate to 
saturate the tape completely, so that it leaves the head 
fully magnetized, i.e. with the maximum remanent 
induction ( B rmax ,) in a longitudinal direction. 

The Recording Process. 

The object of the recording head is to produce varia¬ 
tions in the flux in the tape of the largest amplitude that 
is consistent with linearity. It will be shown that the 
alternating current representing the programme to be 
recorded must be superimposed on a direct current, the 
purpose of which is to bring the tape to a suitable 
magnetic state. It is also necessary for the net current 
in the head to produce a field that is always opposed in 
direction to that of the wiping head or partial rectifica¬ 
tion may occur. For this reason the direct current in 
the recording head is usually referred to as the demagnet¬ 
izing current. 

Each elementary length of tape passing through the 
head will be demagnetized to an extent which is largely 
dependent upon the net value of the alternating and the 
steady components of the field acting upon it, and will 
leave the head with a corresponding value of remanent 
induction ( B T ). If the recording current is sinusoidal, of 
frequency / cycles per sec., and the tape speed is u, 
variations in the flux in the tape will be produced of 
wavelength given by 



The process may be followed by referring to a (B —• H) 
curve for the tape (Fig. 1). An elementary length of 
tape enters the wiping head in some unknown condi¬ 
tion, and is then brought to saturation (point 1). It 
leaves the wiping head fully magnetized (point 2) and is 
then subjected to the recording field. If, at this moment, 
the sinusoidal a.c. component is zero, the effect of the 
d.c. component is to reduce the magnetization to a 
state corresponding to point 3, and on leaving the head 
the remanent magnetization is represented by point 3a. 
The efiect of the a.c. component is to increase and 
decrease the effective value of the demagnetizing cur¬ 
rent. If the a.c. component is at either of its peak 
values the tape is demagnetized to a degree represented 
by points 4 or 5, and leaves the head in a state corre¬ 
sponding to points 4a or 5a. Point 3 may be called the 
working point, and its position is determined by the 
state of the tape as it enters the recording head, and by 
the value of the d.c. component of the demagnetizing 
current. 

It is important to realize that the whole of the tape is 
not subjected to an alternating cycle, but that each 
elementary length of tape is demagnetized separately to 
a degree depending upon the net demagnetizing current, 
so that the tape leaves the head with a value of B r (the 
remanent induction) which varies sinusoidally along its 
length, provided that there is a linear relation between 
the demagnetizing current and B r . Referring again to 
Fig. 1, this implies that, in this simplified consideration, 
variations in induction represented by points 4a, 3a, 
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Fig. 1.—Simplified recording process. 


and 5a (rather than 4, 3, and 5), should be proportional 
to the corresponding values of the demagnetizing cur¬ 
rent. Now in order that points 4, 3, and 5, should 
have a linear relationship to the demagnetizing current 
through as wide a range as possible, the largest possible 
hysteresis loop must be used. In other words, the tape 
should enter the recording head fully magnetized. In’ 
practice, it appears that this condition also fulfils the 
requirement that the range through which the remanent 
magnetization is linear with the demagnetizing current 
should be a maximum. The optimum value of the d.c. 
component of the demagnetizing current to give the 
maximum variation of remanent flux with minimum 
distortion can be found empirically. 

Let it be assumed that the variation of longitudinal 
flux in the tape after it has left the recording head is 
sinusoidally distributed along its length. Any variation 
in the flux in the tape implies that a corresponding 
number of lines of magnetic induction enter or leave the 
tape. These lines may be termed the external flux. It 
follows that the surface density ( B s ) of external flux at 
any point in the length of the tape is proportional to the 
rate of change of the flux along the tape at that point. 
This surface flux density is independent of the mean 
state of magnetization of the tape, which is the datum 
about which variations take place, and which is deter¬ 
mined by the d.c. component of the recording field. 
There is one value of this component for which varia¬ 
tions will occur about the state of zero longitudinal 
magnetization as a datum, but in practice a somewhat 
lower value is used, so that the direction of magnetization 
in the mean state is the same as that of the fully mag¬ 
netized tape. 

In this consideration it may be assumed that the value 
of this datum has no effect upon the external flux 
distribution, and it is taken as being zero. A diagram¬ 


matic representation of the longitudinal and external 
flux is shown in Fig. 2(b ). The value of the longitudinal 
induction at any point is given by the width of the 



Fig. 2.—Flux distribution for recorded tape. 


shaded area at that point, whilst its direction is given by 
the white arrow in the centre. If <j> represents the 
longitudinal flux in the tape in any section and ® is the 
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peak value of this, then cf> = C]> sin 2-nx/X, where x repre¬ 
sents distance along the tape and the mean surface flux 
density B s is proportional to dcfyjdx, which is given by 

d(b 2 tt _ 27 tx 

_L = —- <p COS -r— 

dx A A 

The distribution of external flux is thus in phase quadra¬ 
ture with the longitudinal flux (Fig. 2a) , and its maximum 
values are reached where the rate of change of longi¬ 
tudinal flux is highest, though the flux itself is at its 
datum value. At these points poles will, in effect, be 
formed on the surface of the tape. From the above 
expression it will be seen that, for a given value of <&, the 
strength of these surface poles is inversely proportional 
to the wavelength. Since the tape moves with constant 
velocity u = xjt the rate of change of the flux along the 
tape can be expressed as a time rate of change of flux 
passing a given point. Thus 

B s oc — <X> cos cot, where to = 2 ttJ. 

u 

In an ideal case, the external flux passing any given 
point will therefore vary sinusoidally with time, and the 
problem now arises of transforming these variations of 
flux back into variations of e.m.f. 

The Reproducing Process. 

An examination of the reproducing process is neces¬ 
sarily very complicated, since it should take into account 
the effect of the pole-pieces upon the flux distribution in 
and around the tape, for in any system in which pole- 
pieces are used the external flux distribution of the tape 
is bound to be somewhat altered by their presence. 
Fortunately, however, it is not inevitable that the 
reproduced waveform will be correspondingly distorted. 
It has already been explained that some form of iron 
circuit is essential, since the physical dimensions of any 
coil used for reproducing purposes will be large com¬ 
pared with the wavelength at the higher frequencies. 
A relatively large coil is, of course, necessary in order 
that the reproduced e.m.f. should be high compared with 
the valve noise produced by the first valve of the repro¬ 
ducing amplifier. 

The surface poles on the tape due to the recorded 
signal will induce poles of opposite polarity at the tip of 
any pole-piece in contact with the tape, and like poles 
distributed along the surfaces and the far end of the 
pole-piece. If a coil is wound closely round the pole- 
piece, a certain percentage of the turns of this will be 
threaded by the flux that enters the pole-piece, and an 
e.m.f. proportional to the time-rate-of-change of flux- 
turns will be generated in the coil. 

In the simplest case, for long wavelengths, the flux 
threading the coil would be proportional to the value of 
B s , so that the reproduced voltage would be given by 

dB s afi- . 

v<x ——- ce—<P sin cot 
at u 

As the frequency is increased, however, the percentage 
of turns threaded is reduced, and, further, the effective 
magnetic permeability of the pole-piece metal becomes 


lower. Thus the efficiency of the reproducing system 
tends to fall off very rapidly as the frequency rises. 
Furthermore, it is not possible for <D to be maintained 
constant throughout the frequency range of the system, 
owing to the limitations of the recording head and to 
the effects of self-demagnetization. Thus an overall 
frequency characteristic that rises steeply as the fre¬ 
quency increases is not obtained, though it might be 
expected from the above expression for the reproduced 
voltage. 

The simple explanation which has just been put 
forward serves to give some general idea of the principles 
of magnetic recording. In practice the recording pro¬ 
cess is very much more complicated, and, while it would 
be impossible to give even a qualitative analysis in 
detail, there are two important, factors which deserve 
consideration. 

The first is the effect of the finite longitudinal spread 
of the recording field, and the second is the self-demag¬ 
netizing effect of the surface poles formed by the recorded 
signal. 

Effect of Recording with a Finite Field Distribution. 

So far in this consideration the effective longitudinal 
spread of the recording field has not been taken into 
account. This must be finite in order to produce 
variations in the longitudinal flux in the tape. On the 
other hand, if the effective spread is comparable with the 
wavelength of the flux variations at any frequency, 
distortion of the waveform will result. 

In order to simplify the explanation of this, an ideal 
case may be considered, in which it is assumed :•— 

(1) That the time of magnetization is effectively zero. 
This implies that the remanent magnetization of the 
tape after the magnetizing field has been removed is 
independent of the time during which this field was 
applied. 

(2) That the final state of remanent magnetization in 
an elementary length of tape that has been saturated 
and then partially demagnetized depends only upon the 
peak value of the applied demagnetizing field, so that 
the subsequent application of a demagnetizing field of a 
lower value has no effect. 

(3) That the value of this remanent magnetization 
bears a linear relationship to the current in the windings 
of the recording head, and that each elementary length 
of tape can be magnetized independently. 

(4) That self-demagnetization effects can be neglected. 

In the first case, let the spatial distribution of the 

applied demagnetizing field be rectangular, so that it 
reaches a maximum value instantaneously, is constant 
throughout a distance dx measured along the tape, and 
falls away instantaneously to zero. Let this value vary 
sinusoidally with time, about an arbitrary datum level. 

Referring to Fig. 3, the tape is first of all saturated to 
state 1, and enters the influence of the recording field in 
state 2. There will always be a section of tape of length 
dx which is under the influence of the demagnetizing 
field. The distortion of the recorded waveform that 
results from the finite value of dx can best be visualized 
if it is imagined that an attempt is made to draw a 
sinusoidal curve with a very broad pen-nib. Although 
any one point on the nib will trace out a true sine wave. 
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the outer edges of the curve so drawn will not be sinu¬ 
soidal. 

Two curves (A and B in Fig. 3) have been drawn which 
correspond to the demagnetizing effect of the extreme 
edges of the field distribution. The boundary curve of 
the shaded area will then give the peak values of the 
demagnetizing field which is applied to the tape at any 
point. The resulting changes in remanent induction 
(B r max. ~ B r) are shown by curve C, which thus gives 
the distribution of remanent induction along the tape. 
Clearly, unless dx is very small compared with the wave¬ 
length, so that the boundary curve is approximately 
sinusoidal, distortion due to even harmonics will occur. 
This form of distortion is dependent upon frequency and 
c an not be eliminated by reduction of amplitude. In 
order to minimize it, the length (dx) over which the field 


sponding to curve D. This type of distortion is depen¬ 
dent upon both frequency and amplitude, and can be 
eliminated by a sufficient reduction of amplitude or 
increase in the wavelength. 

In practice, the distortion due to both these types of 
field distribution may occur, but since it will be most 
pronounced at the higher frequencies the most serious 
harmonics are likely to be outside the useful range of the 
system. Intermodulation tones due to amplitude non¬ 
linearity, however, may still be reproduced. 

Effect of Self-Demagnetization. 

A length of tape, in which sinusoidal variations of flux 
have been recorded, can be represented by a series of 
magnets each half a wavelength long, placed end to end 
with like poles adjacent, as shown in Fig. 2(c). Since 



Pig. 3 .—Distortion due to recording field distribution, h — (Ha + Ha sin cot) fj (x). 


is maintained constant should be small compared with 
the shortest wavelength. 

In practice it is not possible to obtain a field distribu¬ 
tion that falls away instantaneously to zero along the 
tape, and a second case will now be considered in which 
the demagnetizing field rises sharply to its maximum 
value and falls away upon some arbitrary curve. The 
value of the field represented by each point on the curve 
will vary sinusoidally in time about a datum fixed by 
the value of the d.c. component of the demagnetizing 

current. . 

If the field distribution is such that the reduction in 

field along the tape is not sufficiently rapid, an elemen¬ 
tary length of tape which was originally demagnetized 
by a low r value of field may subsequently be subjected to 
a higher value. Referring to Fig. 4, it will be seen that 
the boundary curve of the shaded portion indicates the 
actual peak value of demagnetizing field to which the 
tape will be subjected at any point in its length, and this 
will produce a distribution of remanent induction corre- 


the self-demagnetization effect for any magnet increases 
as the length is reduced, for a constant cross-section, the 
effective pole strength is reduced as the recorded fre¬ 
quency is increased. With the normal tape speed of 
1-5 metres per sec., the wavelength corresponding to a 
signal frequency of 5 000 cycles per sec. is 0-3 mm., so 
that each of these magnets will be 0-15 mm. long. As 
the thickness of the tape is 0-08 mm. and its width 
3 mm., the self-demagnetization effect may well be of 
fundamental importance, especially at the higher fre¬ 
quencies. When this is taken into account, a new con¬ 
dition for amplitude linearity must be introduced. Re¬ 
ferring to Fig. 5, the elements of tape which have been 
demagnetized by the applied demagnetizing field to 
states corresponding to points 3,4, and 5, on the hysteresis 
loop would return to states corresponding to points 3a, 
4 a, and 5 a, if the field acting upon them were reduced to 
zero. But the statement that there is an alternating 
external flux distribution about the tape and that, in 
effect, poles are formed on its surface, implies that the 



BARRETT AND TWEED: SOME ASPECTS OF MAGNETIC 


H demagnetizing 



Demagnetizing field 
applied to tape 


-x 




Variation of remanent 
induction along tape 
r rriccoc -B r 


H saturating 


h^{Hd+H a sin cot)f 2 (x) 


Fig. 4.—Distortion due to recording field distribution, h — (Ha -f H a sin cot) (x). 
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tape is subjected to a self-demagnetizing field that 
alternates along its length. It is impossible to differ¬ 
entiate between the effect of this self-demagnetizing 
field and that of an externally applied field upon an 
elementary cube inside the tape, so that it becomes 
necessary to modify the conception of the process 
represented on a (B — H) characteristic. 

The self-demagnetizing force acts in such a direction 
as to reduce the flux variations about the datum, in¬ 
creasing the demagnetization of the element which was 
subjected to the minimum recording field, and vice 
versa. The final points reached will then be 3a, 4b, and 
5b, in Fig. 5, rather than 3a, 4a, and 5a. It is possible 
that for very long wavelengths, where the self-demagnet¬ 
ization is comparatively low, these sets of points may be 
almost coincident, but for the shorter wavelengths this 
will not be the case. Assuming a sinusoidal recording 
current, the new condition to be fulfilled for amplitude 
. linearity in recording is that on the (B —- H ) curve, 
point 3a should lie on a straight line midway between 
points 4b and 5b. From this point of view it would 
appear that it is even more important that the tape 
should have high coercivity than that the max im um 
value of remanent magnetism should be high. 

This self-demagnetization effect, which is essentially 
the effect of the poles formed on the surface of the tape, 
still further complicates the process of recording. For, 
at the moment of recording, the tape is subjected to the 
resultant of the field due to these poles formed by the 
signal already recorded, and the applied field due to the 
recording head. For any given frequency the former 
will be alternating in value and in general will be opposed 
to, but not in exact antiphase with, the latter. At the 
higher frequencies these fields may be of the same order 
of magnitude, in which case the tape is subjected to a 
considerably lower net recording field than that esti¬ 
mated from the constants of the recording head. 

Background Noise. 

It can be seen that there are a number of conditions 
that must be fulfilled in order to avoid distortion in the 
recording process, and these determine the maximum 
amplitudes that can be recorded. 

A lower limit to the permissible recording level is 
imposed by background noise, which is inherent in the 
use of any sound-recording medium yet developed. The 
reproduced level of background noise is mainly dependent 
upon the following factors:— 

(а) Variations in the magnetic and mechanical pro¬ 
perties of the tape itself, due to such considerations as 
granular structure and size, chemical composition, 
physical dimensions, and surface polish. Since the 
material of which the tape is composed is a mixture as 
distinct from an alloy, the above properties will largely 
depend upon the degree of uniformity which it is possible 
to maintain during the process of manufacture. Varia¬ 
tions in the properties of the tape may also be produced 
by uneven stresses occurring during the operation of the 
machine. 

(б) The mean state of magnetization of the tape 
leaving'the recording head. 

(c) Relative motion between the pole-pieces and the 
a and between the coils and the pole-pieces. This is 


largely due to unevenness of the tape surface and to 
mechanical vibration. It should not cause noise in the 
case of the wiping pole-pieces unless the final saturating 
flux is inadequate to saturate the tape completely. In 
the case of the recording and reproducing pole-pieces, 
the noise produced will depend upon the magnitude of 
the motion and upon the resulting change in the reluc¬ 
tance of the magnetic circuit involved. 

{d) Variations in the magnetic properties of the pole- 
piece due to vibration when in contact with the moving 
tape. 

(e) The relation between frequency and the recorded 
flux variations. This varies with the recording fre¬ 
quency characteristic used, and affects the noise level 
because it determines the frequency response of the 
reproducing amplifier. 

(/) It is possible that the phenomenon of magneto¬ 
striction and the Barkhausen effect may contribute to 
the noise reproduced, but it is thought that their influ¬ 
ence is probably small compared with the other factors 
enumerated. 

It can be seen that the reproduced noise level is very 
much dependent upon the manufacture of the tape 
itself, and, while considerable improvement has been 
made during recent years, it is hoped that yet further 
improvements may be made in this direction. 

SECTION (2) 

Static Tests 

Before treating the wiping, recording, and repro¬ 
ducing systems in further detail, it may be well to 
describe certain of the static tests that have been carried 
out. The term “ static " is here applied to tests carried 
out upon either moving or stationary specimens of tape 
which do not involve the rate of change of the magnet¬ 
izing current. 

To show the magnetic properties of the tape, tests 
were made upon ring-shaped specimens. For example, 
a ring formed by winding 125 turns of tape to a mean 
diameter of 5 cm. has been used. The thickness of the 
ring was approximately 1 cm., and as the width of the 
tape is 0 • 3 cm. the cross-sectional area was 0 • 3 cm? The 
magnetizing winding consisted of 300 turns wound 
toroidally, and a search winding of 50 turns was con¬ 
nected to a fluxmeter. 

The core was subjected to a sequence of magnetic 
fields such as might, in an ideal case, be experienced by 
a length of tape during the recording process. By 
observing the readings of the fluxmeter a family of 
curves was plotted showing the changes in the magnetic 
state of the tape over the whole range of the (B — H) 
characteristic (Fig. 6). 

The remanent induction retained after any given 
demagnetizing current has been applied to the saturated 
tape may be plotted against the field due to this current. 
Fig. 7 shows such a remanence curve (A) which can be 
deduced from the results shown in Fig. 6. It is of ’ 
significance since it indicates the relation, in the static 
case, between the recording field and the remanent- flux 
in the tape. 

It might be thought that very different results would 
be obtained if tests were carried out upon a length of 
tape under normal conditions.. This point has been 
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examined by threading three coils on a single length of 
tape running on the machine, the first carrying a steady 
current adequate to bring the tape to saturation and the 
second being used to demagnetize it to any required 
degree. The circuit associated with this coil included a 
resistance, a switch, and a d.c. source. The third coil 
was used as a search coil and was connected to a ballistic 
galvanometer which was calibrated against a fluxmeter. 
The tape was run through the three coils at the normal 
speed of T 5 metres per sec., the demagnetizing coil 
being unexcited. The switch completing the circuit of 
this coil was then closed and the change in remanent 
induction was calculated from the swing of the galvano¬ 
meter. This was repeated for various values of demag- 


It will be noticed that in curve C the slope is con¬ 
siderably reduced at the higher values of current. This 
is probably due to the effects of saturation at the tip of 
the pole-piece. 

The situation will be somewhat more complex when a 
two-pole head is used. It was thought at one time that 
whenever two pole-pieces of opposite polarity were used 
for wiping or recording, as shown at the top of Fig. 9, 
the direction of magnetization of the tape leaving the 
heads was that of the magnetic flux between the two 
pole-pieces. It was assumed that since the stray flux 
on the running-off side of the heads must be lower in 
value than the flux between the pole-pieces, the former 
had little effect upon the final magnetic state of the tape. 



netizing current. Curve B in Fig. 7 shows the relation 
between the change of the remanent induction and the 
demagnetizing field. 

The two curves in Fig. 7 show a very reasonable agree¬ 
ment, in view of the fact that the two specimens of the 
tape used were not necessarily identical in properties. 
Further, the calculation of the value of the field was 
only approximate, whilst in computing the values of the 
induction (B) it was assumed in both cases that the flux 
was uniformly distributed throughout the cross-section. 

The effect of using a pole-piece instead of a coil for 
saturating the tape has been examined, using the method 
previously described to obtain the remanence curves 
shown in Fig. 8. These indicate the comparative effects 
of (A) A coil wound round the tape; (B) The same coil 
wound round a stalloy pole-piece with a flat tip; (C) The 
same coil wound round a pole-piece of which the thick¬ 
ness of the tip was reduced to about one-sixth of the 
total thickness. 


This, however, is only the case for a very small longi¬ 
tudinal gap between the pole-pieces. 

Consider the case of a tape which has been fully 
magnetized by a field h L and is then passed through a 
two-pole wiping head in which the pole-pieces are widely 
staggered and of opposite polarity. Fig. 9 also shows 
the directions of the various fields to which the tape is 
subjected. As it approaches the leading pole-piece (Pj) 
it is subjected to the stray field then, between the 
pole-pieces, to the field h 3 ; and finally, as it leaves the 
head, to the stray field \ from the lagging pole-piece 

(Pa)- 

A curve (A in Fig. 9) has been plotted showing the rela¬ 
tion between the current in the head and the resulting 
change of remanent induction in the tape (B r max , — B r ) 
for positive and negative values of current. 

For positive values of current the direction of is the 
same as that of the original saturating field h v The 
effect of A 2 is always largely counteracted by that of the 
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Fig. 7.—Comparison of remanence curves for ring and 

running tape. 

A. —Ring of tape. 

B. —Running tape. 



Fig. 8.—Comparison of remanence curves for coil and 

pole-pieces. 

A. —Coil wound round tape. 

B. —Same coil wound round saturating pole-piece on tape. 

C-—Same coil wound round sharpened pole-piece on tape. 
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stronger field h 3 , and the main change of remanent 
induction is produced by h iV A value of current is 
reached at which the tape leaves the head fully magnet¬ 
ized in the direction of the field fe 4 . 

For negative values of current, the direction of h z is 
opposed to that of h v h z> and h 4 . As the field 7 j 3 is con¬ 
siderably greater than 7i 4 the rate of change of remanent 
flux with current is at first greater, and the curve rises 
more sharply, than in the previous case when h 4 was 
producing the change. A point is reached, however, 
when the tape tends to become saturated by h z , so that 
further increases of current have less and less effect upon 
its state between the pole-pieces. The effect of /t 4 , how¬ 
ever, still increases with an increase of current, and the 
curve bends over and returns gradually to the zero line 
as eventually becomes great enough to saturate the 
tape in the original direction. It is thus seen that, 
provided the saturating current is large enough, the 
final direction of magnetization of the tape is determined 
by the direction of the field 7 i 4 and not by that of 7 i 3 . 

A similar argument applies to the performance of a 
two-pole recording head with sharpened pole-pieces 
widely staggered. The curve for this head is shown as B 
in Fig. 9. From this it may be seen that when \ is in 
the same direction as 7i x the curve for a wiping head 
(A in Fig. 9) bends over and approaches the datum line, 
but with a recording head (B in Fig. 9) this tendency is 
very much reduced. The number of turns on each coil is 
4 000 in the case of the wiping head and 1 800 in the 
case of the recording head. Apart from this, the differ¬ 
ence in the behaviour of the two heads is probably due 
to saturation effects in the sharpened tips of the record¬ 
ing pole-pieces. 

In practice, when using this double-pole system the 
value of demagnetizing current is such that when the 
a.c. recording current is zero the state of the tape leaving 
the recording head is represented by point P (Fig. 9). 

The foregoing remarks immediately indicate the possi¬ 
bilities of various other arrangements of wiping and 
recording heads, including the use of one instead of two 
pole-pieces. A number of these arrangements have been 
tried with varying degrees of success, and will now be 
considered. 


Wiping Systems 

The purpose of the wiping head is to remove all 
previous flux variations in the tape, and to ensure that 
it is fully and uniformly magnetized in a longitudinal 
direction when it approaches the recording head. 

Three alternative wiping systems are shown in Fig. 10. 

(a) Coil. 

In the centre of the coil the field will be almost entirely 
longitudinal, and the tape should be entirely saturated, 
provided that the field strength is adequate. In prac¬ 
tice this method is not readily applicable, owing to the 
fact that the tape must be threaded through the coil. 

(b) Single pole. 

The distribution of the field from a single pole in 
contact with the tape is such that the tape is saturated 
in one direction .as it approaches the pole-piece and in 
the opposite direction as it leaves it. 


(c) Two poles with a gap between them in the 
direction of the motion of the tape. 

In this case the tape experiences a further reversal in 
the direction of its longitudinal magnetization. 

Both the single- and the two-pole systems can be 
made to give satisfactory results. 

Recording Systems 

A number of alternative arrangements and methods 
of excitation of pole-pieces are shown in Fig. 11, to 
which reference is made in the following description of 
their operation. These are grouped under three head¬ 
ings :— 

(1) Single pole. 

(2) Two poles with a wide gap between them. 

(3) Two poles with a narrow gap between them. 

(a) 
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Fig. 10.—Wiping systems. 

(a) Coil. 

( b) Single-pole. 

(c) Two-pole. 

In group (1) the recording is carried out by the de¬ 
magnetizing field on the trailing side of the pole-piece. 

In group (2) it is largely carried out by the field on the 
trailing side of the second pole-piece. 

In group (3) it is largely carried out by the main field 
between the pole-pieces. 

The exact nature of the field distribution with any 
given arrangement is uncertain, but it would seem 
probable that in groups (1) and (2) the recording field 
rises sharply to a maximum near the trailing edge of the 
trailing pole-piece and then falls off rapidly. With a 
narrow gap, as used in group (3), the field distribution is 
much more nearly square-topped. 

In the case of group (3), with the exception of system 
No. (3a), any lengths of tape demagnetized by the main 
recording flux between the pole-pieces are subsequently 
subjected to the stray field on the trailing side of the 
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second pole-piece, which is, of course, in the opposite 
direction. If the pole-pieces are accurately ground and 
adjusted, however, this stray field should be exceedingly 
small when the gap is very narrow, but otherwise it may 
well become appreciable. 

Group (1). 

The simplest recording head consists of a single pole 
with a single magnetizing winding in which the alter¬ 
nating current is superimposed upon the direct current. 
If wiping is carried out with a single north pole, the 
recording pole must be a south pole, and vice versa. As 
the tape approaches the recording pole-piece it is sub¬ 
jected to the field h 3 which is in the same direction as the 
saturating field h v so that when it reaches the centre of 
the pole-piece, where the longitudinal field is zero, the 
tape will still have approximately its maximum possible 
remanent longitudinal magnetization. As it moves away 


may be slightly lower. Since the thickness of the pole- 
piece is small compared with the shortest wavelength to 
be recorded, the value of the alternating components of 
h 2 an -d h 3 will not have appreciably changed as the tape 
passes under the first pole-piece, and the demagnetiza¬ 
tion due to h 2 is counterbalanced by the saturation due 
to h 3 . Recording is then carried out by the second 
pole-piece in much the same manner as with a single 
pole-piece. 

With the arrangement of group (2) it seems that 
slightly better results are possible at the higher fre¬ 
quencies than with group (1), but at lower frequencies 
the converse holds. 

Group (3). 

(a) This system has been termed the single-pole and 
idle-pole, or “ S.P.I." system. The second pole-piece is 
unexcited and therefore does not produce any net 
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Fig. 11.—Recording systems. 


from the pole-piece it is subjected to which is in the 
demagnetizing direction and carries out the recording. 

Group 2). 

With both these arrangements the exact setting of the 
longitudinal gap between the pole-pieces is not of funda¬ 
mental importance, and about 3 mm. appears to give the 
best results. The function of the first pole-piece is not 
very clear, but results appear to be improved by its 
presence. In all probability it serves mainly to reduce 
the spread of the recording field h 4 . 

In case (a) the operation is almost identical with that 
of the single pole-piece of group (1). 

In case (6), which is known as the " D.P.” system, the 
tape approaching the first pole-piece is demagnetized by 
h z , but as it passes under the pole-piece it is subjected 
to which is in the saturating direction. The distri¬ 
bution of this field is such that it is at a maximum under 
the trailing edge of the first pole-piece and under the 
leading edge of the second pole-piece, while in between it 


reversed stray field, but serves to concentrate the 
recording field h 3 . 

(< b ) and (c) The advantage of these two systems is that 
the d.c. and a.c. components of demagnetizing current 
are separated, so that there will be a reduction in the 
asymmetrical distortion of the waveform due to the 
saturation of the tip of the a.c. energized pole-piece. 

In (36) the final stray field to which the recorded tape 
is subjected is alternating, while in (3c) it is approxi¬ 
mately constant in magnitude and direction. On the 
other hand, considering the effect of the stray field h 2 as 
the tape enters the head, in the case of (36) this will be 
constant and in the same direction as the original 
saturating field so that the recording is carried out' 
upon tape that is always in the same magnetic state. 
In (3c) \ is alternating, and this condition does not 
apply, although in any case the stray fields should be 
very low. 

(3<f). In this arrangement the method of excitation 
is similar to that of (2) (6) but has reversed polarity. 
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The tape recorded by 'h z is subjected to the field \ which 
has both d.c. and a.c. components, each of which is 
liable to be lower than the corresponding component in 
(3&) and (3c). 

In group (3) the adjustment of the head is very critical 
and the procedure in each case is to set the poles opposite 
to one another and then to increase the longitudinal gap 
between them until the output from the reproducing 
head at 6 000 cycles is a maximum. 

The variation in the results obtained with the four 
arrangements of group (3) is not very great. It would 
appear, however, that with all of them a higher level 
may be recorded than with either group (1) or group (2), 
but that under practical conditions distortion at low 
levels is liable to be slightly worse. 

Reproducing Systems 

Three types of reproducing systems are mentioned and 
are illustrated in Fig. 12. 



Fig. 12. —Reproducing systems. 


(i) Single pole-piece. 

The operation of this has already been briefly described 
in Section (I). This system has the very great advan¬ 
tage that extremely consistent results may be obtained, 
since no adjustments have to be made. 

(ii) Two pole-pieces opposite each other. 

The operation of this system is, in theory, almost 
identical with that of a single pole-piece. The coils 
round the pole-pieces are connected in series opposing, 
so that the e.m.f.’s generated are additive. It would 
appear from practical experience that the presence of 
pole-pieces on either side of the tape results in a higher 
•efficiency of pick-up at high frequencies than is the case 
with a single pole-piece. The system has the disadvan¬ 


tage that the pole-pieces must be very accurately set or 
consistent results will not be obtained. 

(iii) Two pole-pieces with a gap between them. 

In this case the coils are connected in series aiding. 
The net e.m.f. induced in the two coils is proportional 
to the difference between the rates of change of the 
number of flux-turns in each coil. This diffeience wall 
be a maximum when the distance between the pole- 
pieces is adjusted to be equal to one-half of the wave¬ 
length of the flux alternations in the tape. Although 
this system was used for some time, it is very difficult to 
adjust the distance between the pole-pieces very accu¬ 
rately, so that a consistently uniform frequency charac¬ 
teristic is not always obtained from the system. 

In addition to the simple forms of heads that have 
been described above, there are a large number of other 
possibilities. These include ring-type heads, which 
consist of a ring-shaped core carrying a single winding 
and having a small gap in the centre of the poition in 
contact with the tape. The plane in which the ring lies 
is parallel to the length and thickness of the tape. This 
type of head has been developed in Germany in connec¬ 
tion with the use of magnetic dust-coated film instead of 
steel tape. 

After experimental work in this country with differ¬ 
ent types of heads, two recording systems, known as 
the “ D.P.” and " S.P.I.” (2 b and 3 a, Fig. 11) have 
emerged; these are used by the British Broadcasting 
Corporation and the Marconi Co. respectively. It is 
fully realized that both these systems are subject to 
serious disadvantages from both a theoretical and prac¬ 
tical point of view, but at the time of writing the authors 
have found no other system giving more satisfactory 
results under service conditions. 

In each case a single-pole-piece reproducing head is 
used. 

The Complete Recording Chain 

Individual systems of wiping, recording, and repro¬ 
ducing, have already been discussed. The problem of 
obtaining the best results from the complete recording 
and reproducing chain for any given arrangement of the 
various heads involves the question of the adjustment of 
the recording head, and the working point on the (B — H) 
curve, as well as the best possible recording frequency 
characteristic and the corresponding reproducing fre¬ 
quency characteristic. 

It has already been pointed out that the total volume 
range of any system of recording is bounded on the one 
hand by amplitude non-linearity and on the other hand 
by considerations of background noise. To a certain 
extent the frequency range will also be bounded by the 
same two factors. For although, within limits, it is 
possible to apply frequency correction circuits to the 
reproducing amplifier which will give a frequency 
characteristic that is substantially flat over a very wide 
range, in so doing the signal/noise ratio may be reduced. 

The frequency characteristic of the recording amplifier 
should be chosen to allow the recording level to be as 
high as possible for a given amount of distortion under 
all programme conditions, so that the maximum 
signal/noise ratio is obtained. This condition involves 
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not only the characteristics of the recording chain but 
also the energy distribution of the programmes to be 
recorded, which will be very varied. Numerous experi¬ 
ments have been carried out in this connection, and it is 
generally accepted that the maximum energy in the 
frequency spectrum of speech and music occurs in the 
neighbourhood of 300 cycles per sec. 

Curve A of Fig. 13 shows the variation with frequency 
of the peak energy levels occurring in a typical orchestral 
programme as determined by Harvey Fletcher,* and 
curve B shows the maximum level, consistent with 
linearity, which may be applied to the input of the 
recording amplifier for any single frequency, deduced 
from the results of experiments on the D.P. system. It 
must be noted, however, that this curve does not show 
the modulation effects of one frequency upon another, as 
will be explained later. 

In carrying out comparative tests upon recording 


beyond which it falls below the linear value. Eventually 
a 'maximum reproduced level is reached such that 
further increases of recording level produce a reduction 
in the reproduced level. 

These linearity curves can be used first of all to deter¬ 
mine the most suitable working point on the (B — H) 
curve, as well as the best adjustment of the recording 
head. An examination upon a cathode-ray oscillograph 
of the changes in the reproduced waveform while making 
these adjustments is often of great value. 

The authors have found, however, that the results of 
listening tests when recording programmes do not 
always agree with the results of tests using single fre¬ 
quencies. In fact, a single-tone test is inadequate to 
determine the distortion of the particular system under 
consideration, and experiments using two tones should 
be made. This statement may be made clearer by citing 
an example. In Fig. 14 input/output linearity curves 



heads, measurements of the reproduced signal must be 
made, since a satisfactory diiect method of measuring 
the magnetic state of the tape has not been developed. 
The frequency discrimination of the reproducing system 
must be taken into account, however, when measuring 
the relative levels of different frequencies reproduced, 
but this is, of course, dependent upon the recording 
characteristic if the overall frequency response is to be 
flat. To avoid this complication a form of test is often 
required which involves a single frequency only. In 
this connection the linearity curve has proved most 
useful. If the input level to the recording head is plotted 
against the output level from the reproducing head to 
the same scale, the resultant curve should be a straight 
line at 45° to either axis. Departure from this line in 
either direction indicates amplitude non-linearity which 
would give rise to distortion. With this system of 
recording it is usual for the reproduced level to rise 
sensibly linearly with the recording level up to a point 


Physical Characteristics of Speech and Music,” Bell System 
Technical Journal, 1931, voi. 10, p. 349. 


are shown for three frequencies with different values of 
demagnetizing current, using the D.P. recording system. 
It will be seen that the output level is dependent upon 
the value of this current throughout the straight and 
useful portion of the curves. Bearing in mind the 
process of recording described earlier in the paper, 
imagine that two tones having frequencies of, say, 100 
and 4 000 cycles per sec. are being recorded simultane¬ 
ously. The variation in the value of the recording 
current due to the low frequency effectively alters the 
mean value of the demagnetizing current upon which 
the high-frequency alternations are superimposed. This 
tone is thus modulated during the recording process at 
100 cycles per sec., which produces a type of distortion 
that is not directly shown up by experiments using a 
single tone. 

The recording characteristic used in practice will also 
depend, to a certain extent, upon the method used for 
monitoring the input level to the recording amplifier. 
Since it is possible to listen to the reproduced signal a 
fraction of a second after recording, it is usually con- 
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venient to make use of this facility to determine the 
highest permissible recording level for control purposes. 
In order to do this, overloading must occur before 
suitable adjustment can be made. It has been found 


range, while maintaining a satisfactory signal/noise 
ratio. 

When the reproducing frequency characteristic is such 
that the reproduced noise is most noticeable at the 



Current through recording head.db. with respect to 1-29 mA (r.m.s.) 
Fig. 14. —Input-output linearity curves for D.P. system. 


that with aural control the quality of the reproduction, 
as a whole, suffers least if overloading is first apparent 
at the lower frequencies, rather than simultaneously 
throughout the frequency range. Under these circum- 


higher frequencies, it is sometimes found that by atten¬ 
uating all frequencies above, say, 5 000 cycles per sec., 
the improvement in the signal/noise ratio more than 
compensates for the reduction of frequency range. This 
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Fig. 15. —Effect of asymmetrical recorded flux distribution. 

stances the recording characteristic may be modified at has actually been done in the case of the D.P. repro- 
the lower frequencies to produce this effect. ducing amplifier, of which the frequency/response 

The frequency characteristic of the reproducing characteristic is given in Fig. 16. 
amplifier must be adjusted to give an overall frequency Various quantitative measurements may be carried out 
response that is sensibly flat throughout the required upon the complete recording and reproducing chain, of 




which the most instructive axe probably the input/output 
linearity curves, and two tone tests for a high and a low 
frequency. It is thought that the more usual harmonic 
tests are of secondary importance, since their main 
object is to show up non-linearity which will result in 
the production of intermodulation tones. 

The ultimate test of any recording system, however, 
is to listen to the reproduction of a number of recorded 
programmes and to compare them with the direct 
programmes under identical listening conditions. 

Some of the details and some of the results of tests 
upon the D.P. and S.P.I. systems now in use are given 
below. 


wavelength is comparable with the thickness the density 
is greater on the side of the tape that carries the lagging 
pole-piece. Therefore, in practice, the reproducing 
pole-piece is always used on this side. 

It has been found that a slight improvement in results 
is obtained when the recording and reproducing pole- 
pieces are reduced at the tips in width as well as 
in thickness, so that the whole of the width of the 
tape is not uniformly demagnetized by the recording 
bead. 

Stalloy is used for recording, and permalloy for repro¬ 
ducing, pole-pieces, which are stamped from 0-015-in. 
sheet (i.e. 0-37 mm.) and are 3 mm. wide and 19 mm. 



Frequency, cycles per sec. 


Fig. 16.—Frequency/response characteristic for D.P. system. 


The D.P. and S.P.I. Systems of Recording. 

These two systems are illustrated in Figs. 11, 2b and 
3a, and a brief explanation has already been given of 
their operation. In practice they are both used with a 
single-pole reproducing system. The reproducing pole- 
piece runs on the same side of the tape as the lagging 
recording pole-piece in the D.P. system, and the ener- 
gized pole-piece in the S.P.I. system. The effect of 
placing the reproducing pole-piece on the other side of 
the tape is shown in Fig. 15. Curve A shows the overall 
frequency/response characteristic of the D.P. system 
taken with the reproducing pole-piece on the same side 
of the tape as the lagging pole-piece in the recording 
head. Curve B shows an equivalent curve, the repro¬ 
ducing pole-piece being on the opposite side of the tape. 
It will be seen that there is a considerable loss at the 
high frequencies in the latter case, but that the repro¬ 
duced level at the lower frequencies is the same. This 
suggests that where the wavelength is great compared 
with the thickness of the tape the external flux distribu¬ 
tion is symmetrical on either side, but that where the 


long. The tips are reduced in width to 2 mm., and in 
thickness, i.e. in the direction of motion of the tape, to 
0-06 mm. They are, of course, heat-treated after 
shaping. The best value for the demagnetizing current 
has been found to be 4 mA for the D.P. system and 3 mA 
for the S.P.I. 

The frequency/response characteristics of the two 
systems are shown in Figs. 16 and 17. In each case the 
four curves refer to the current in the recording heads (A), 
the magnetic systems which include the recording heads, 
the tape and the reproducing heads (B), the reproducing 
amplifiers (C), and the overall chains (D), and are drawn 
one below the other at entirely arbitrary intervals. 

Measured under these conditions, input/output linear¬ 
ity curves for the D.P. system have already been given 
in Fig. 14, while Fig. 18 shows the results of two tone 
tests using 105 cycles and 4 000 cycles per sec., Curves A', 
B' and C' show the root-sum-squared level of the inter¬ 
modulation tones [r.s.s. (4 000 ± 105 m)] for varying out¬ 
put of the low-frequency tone corresponding to levels of 
the high-frequency tone given by curves A, B, and C, 
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respectively. It appears that the r.s.s. level of the 
intermodulation tones is proportional to the reproduced 
level of both the recording tones. With the S.P.I. 


Measurements of the signal/noise ratios obtainable in 
practice with the two systems give figures ranging from 
35 to 45 db. 



Fig. 17. —Frequency/response characteristics for S.P.I. system. 


system results of the same order are obtained, but the 
distortion is in general lower for very high levels of the 
higher frequency and higher for very low levels. In this 


In spite of the fact that from test-results on tone it 
would appear that a greater amplitude range can be 
obtained with the S.P.I. than with the D.P. system, it is 



Fig. 18.—Levels of intermodulation tones reproduced when a tone of 106 cycles per sec. is recorded together with a constant 

level of 4 000-cycle tone on the D.P. recording system. 

A. —Recording tone of 4 000-cycle tone;— 9 db./l-29 mA. 

B. —Recording tone of 4 000-cycle tone:—14db./l-29 mA. 

C. —Recording tone of 4 000-cycle tone:—19 db./l*29 mA. 

case it is definitely advantageous to record with a found that under practical conditions there is very little 

recording frequency characteristic that rises at the to choose between them, and bot sys ems are m n 

higher frequencies, as may be seen in Fig. 17. the present moment. 
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SECTION (3) 

The Tape 

The results of the recording system as a whole are to 
a great extent dependent upon the quality and uni¬ 
formity of the steel tape. 

A tungsten magnet steel is used, having the essential 
properties of high coercivity and remane nee. It is 
melted in an acid open-hearth furnace from pig-iron 
produced in an electric charcoal blast-furnace from the 
purest ores, and scrap iron of known analysis. It is 
first of all hot-rolled under temperature control and then 
cold-rolled, cut, and polished, undergoing various heat 
treatments during the process of such a nature that the 
possibility of magnetic ageing is reduced to a minimum 
This allows a tape to be stored for a number of years 
after recording without noticeable deterioration of the 
quality of the recording. The final dimensions of the 
tape are 0*08 mm. thick and 3 mm. wide, and it is rolled 
into lengths of about 1 000 metres. Each spool of tape 
used for recording has to run for about half an hour at a 
speed of 90 metres a minute, so that some 2 700 metres 
are required. This means that even in a new tape 
there will be at least two joints, which are made by 
means of silver solder. 

In the past, if breaks occurred in the tape during 
normal running, soft-soldered joints were made. A 
system of welding the tape which is now being tried 
out, however, gives most encouraging results. 

Design of Recording Machine 

The mechanical requirements to be fulfilled by the 
machine may be summarized as follows:— 

(1) The tape must move through the heads at a 
constant velocity during both the recording and the 
reproducing processes. 

(2) The tape must be unwound from, and rewound on 
to, the spools without undue tension being applied to it. 

(3) A practically instantaneous start from rest is 
desirable in order to facilitate the commencement of a 
reproduction at a predetermined cue. 

(4) A rewinding speed considerably in excess of the 
forward running speed should be available so that two 
machines can be run continuously in tandem if necessary. 

Experience has shown that the foregoing require¬ 
ments are best covered by the use of three separate 
mechanical drives, one for unwinding the tape from the 
trailing reel, another for maintaining the velocity of the 
tape constant through the heads, and the third for 
winding the tape on to the leading reel. The constant- 
speed system is virtually isolated from the unwinding 
and winding systems by the provision of reservoirs, one 
preceding it and one following it, and the speed of the 
winding and unwinding motors is automatically regu¬ 
lated so that both reservoirs always contain a loop of 
tape. 

These two motors are of the induction type, with 
their rotor windings brought out to three slip-rings and 
their brushes connected to external resistances arranged 
as a three-phase star-connected system. With the full 
resistance in circuit the speed of the motor is such as to 
make the speed of the tape less than it is in the constant- 
speed drive system, but provision is made for short- 
Vol. 13. 


circuiting part of the resistance. The winding and 
unwinding systems thus each have two forward speeds, 
one greater and one less than that of the constant-speed 
drive. By causing the motors to alternate between 
their two speeds a sufficient loop of tape is always main¬ 
tained in both reservoirs. The switching in each case is 
carried out by a relay, the operation of which is con¬ 
trolled by a gas-filled thermionic valve of the thyratron 
type. This consists essentially of a half-wave rectifier, 
but by applying sufficient negative bias to its control 
grid the anode current can be completely suppressed. 
Such a bias is normally applied and, the relays being 
unenergized, the unwinding motor runs normally at its 
higher speed and the winding motor at its lower speed. 
Therefore loops form in both reservoirs. When the loop 
of steel tape becomes long enough, it touches a contact 
at the bottom of the reservoir, which is connected to the 
grids of the associated thyratrons, and short-circuits the 
grid bias. Anode current then flows, causing the relay 
to operate and change the speed of the motor. The 
size of the loop is now reduced, but the process is checked 
when the tape is pulled clear of the contact, for the bias 
is thus reapplied to the thyratrons, causing the relay to 
release and restore the original condition. 

The constant-speed drive system is not required 
during the rewind, and an automatic release clutch is 
provided for disconnecting it. The rewinding motor, 
running in the reverse direction and coupled to the tape- 
drive through a double-speed pulley, pulls the tape off 
the right-hand reel and feeds it into the large tape 
reservoir. The winding motor, with its direction of 
rotation reversed, now drives the left-hand reel on to 
which the tape is being rewound, and its speed is regu¬ 
lated as before by the thyratron circuit. The speed of 
the unwinding motor is not varied during the rewinding 
operation. 

The trailing reel in both directions of working is 
restrained by a simple band-brake, and provision is 
made for increasing the brake tension in order to over¬ 
come the momentum of the reel when the machine is 
stopped. 

The operation of the machine is controlled by a rotary 
gate switch which lias five positions:—Off, 1st and 2nd 
wind, and 1st and 2nd rewind. The intermediate posi¬ 
tions are introduced to ensure the correct operating 
sequence, and to prevent the formation of loops of tape 
in the reservoirs during the processes of starting and 
stopping. 

The behaviour of the machine for the various positions 
of the gate switch is given in the schedule on page 90. 

The performance of this machine shows a considerable 
improvement on that of earlier designs. The variation in 
tape velocity is not normally perceptible when listening to 
a musical recording. 

Illustrations and references showing the general con¬ 
struction of the machine are given in Figs. 19-22 (see 
Plates 1, 2, 3, and 4). 

SECTION (4) 

Magnetic Recording Applied to Broadcasting 

As the technique of broadcasting has developed 
during the last few years, so the demand for recording 

7 
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Position of Gate Switch 

Off . 

No. 1 Wind. 


No. 2 Wind. 


No. 1 Rewind. 


No. 2 Rewind. 


SCHEDULE OF OPERATIONS 

. Action e 

Power is applied to the heaters of the thyratron cathodes, and to the metal-oxide recti¬ 
fier circuit providing the grid bias. 

H.T. is switched on to the thyratrons and the L.T. and grid-bias supplies continued. 

No. 1 motor is switched on for forward running at its lower speed, engages with the 
belt drive of the R.H. reel by means of No. 1 automatic dog clutch, and tends to drive 
this reel in an anti-clockwise direction. Maximum, braking is applied to the trailing 
(L.H.) reel. 

The conditions of the No. 1 Wind position are maintained, except that the braking on 
the L.H. reel is reduced to the normal running value. No. 2 motor runs forward at its 
higher speed, engages with the lower-geared belt system through No. 2 automatic dog 
clutch, and thus causes No. 2 tape drive to pull the tape off the L.H. reel and feed it 
forward at a rate slightly higher than the feed of the main tape-drive system. 

No. 3 motor is switched on and runs forward at its constant speed of 250 r.p.m., pulling 
the tape through the heads at a steady rate of 90 metres per minute and feeding it into 
No. 1 reservoir from the R.H. side. The higher speed of No. 2 motor is maintained until 
the tape loop in No. 2 reservoir touches the thyratron contact, thereby short-circuiting 
the grid bias and causing the operation of No. 2 relay. The speed of No. 2 motor is 
thus changed to the lower value, which allows the tape loop in reservoir No. 2 to be 
reduced. The lower speed is maintained until the loop ceases to make contact with the 
thyratron control contact, whereupon the motor reverts to its higher speed and the 
process is repeated. The R.H. reel, driven by No. 1 motor and now having no tape 
tension to restrain it, begins to wind up the tape, but at a lower rate than it is being 
fed into No. 1 reservoir by No. 3 system. However, when the loop in No. 1 reservoir 
touches the thyratron contact, No. 1 motor runs at its higher speed and continues to 
do so until the tape loop in No. 1 reservoir is pulled off the contact. The speed then 
returns to the lower value and the process is repeated. 

H.T. is switched on to the thyratrons and the L.T. and grid-bias supplies are continued. 
No. 3 drive system clutch is disengaged. No. 1 motor is switched on for reverse run¬ 
ning at its lower speed, engages with the higher-geared belt drive of the L.H. reel by 
means of No. 1 automatic dog clutch, and tends to drive this reel in an anti-clockwise 
direction. Maximum braking is applied to the trailing (R.H.) reel. 

The conditions of the No. 1 Rewind position are maintained, except that the braking on 
the R.H. reel is reduced to the normal running value. No. 2 motor runs backward at 
its higher speed, engages the higher-geared belt system through No. 2 automatic dog 
clutch, and thus causes No. 2 tape drive to pull the tape off the R.H. reel and feed it 
into No. 1 reservoir from the L.H. side at approximately twice the normal forward 
speed. No tape loops occur in No. 2 reservoir, hence the speed of No. 2 motor is not 
controlled. The L.H. reel, driven by No. 1 motor and relieved of restraint by the exis¬ 
tence of the loop in No. 1 reservoir, then begins to wind up the tape at a low rate until 
the loop in No. 1 reservoir touches the thyratron contact. When this contact is made 
No. 1 motor runs at its higher speed and continues to do so until the loop in No. 1 
reservoir is pulled off the contact. The speed then returns to the lower value and the 
process is repeated. 

No. 3 motor does not run at all during the rewinding process. 
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facilities has increased. New ideas of presentation have 
materialized and the inauguration of the Empire 
service called for some means of providing progra mm es, 
other than that of direct transmission from a studio. 

Three different systems of recording are in use at the 
present time, as it is impossible to fulfil all the technical 
and programme requirements with any single system. 

The programme service requirements are many and 
varied. It must be possible to make a record of a pro¬ 
gramme lasting for some hours, take extracts from it, 
mix, fade, and superimpose extracts from other record¬ 
ings, and produce what is termed a composite record. It 
is also necessary, in some instances, to make a number 
of copies of a record. 

The types of recordings can be divided into two 
groups—permanent and non-permanent. 

Permanent recordings are made of items of historic 
interest, such as national ceremonies and speeches; 
effects records used to provide backgrounds in the 
production of plays, and so on. 

The non-permanent recordings include those of re¬ 
hearsals, and of home programmes for subsequent 
transmission on the short-wave Empire service. This 
may involve four or five reproductions to cover the 
various zones, after which the record is of no further 
interest and may be destroyed. 

The technical considerations include:— 

(1) All factors involved in the production of what is 
often termed " good quality.” 

(2) The possibility of the duplication of the original 
record without noticeable deterioration of quality and 
without resorting to re-recording. 

(3) The time which must elapse before the first repro¬ 
duction can be obtained. 

(4) The reliability of the system as a whole. 

(5) The reliance which can be placed on the success of 
any individual recording. 

(6) The ease of operation of the system. 

(7) The permanence of quality of a record, (a) during 
storage and ( b) after repeated reproduction. 

(8) The suitability of the records for storing from the 
point of view of weight, size, etc. 

If consideration is given to the matter, it will be seen 
that magnetic recording on steel tape fulfils a number of 
the programme and technical requirements. It is very 
useful in cases when non-permanent records are re¬ 
quired, as the tape can be used repeatedly. It is also 
applicable in the case of permanent recordings, as the 
quality does not appreciably deteriorate after repeated 
reproductions. The records are, however, large and 
weighty, and occupy a considerable space when stored. 

The system is particularly suitable for recording 
programmes of long duration which are required for 
subsequent reproduction in their entirety. It is not 
convenient, however, in cases where it is known that a 
number of extracts mil be required from the record to 
form a shortened version of the original, since it is 
undesirable to cut and join the tape. This difficulty 
can be overcome to a certain extent by re-recording, but 
a slight deterioration of quality is likely to' occur as a 
result of this process. Furthermore, it is generally more 
convenient to employ a recording system which is 
particularly applicable to this type of work. 


Description of a Tape Recording Channel 

Each recording channel at Maida Vale comprises two 
machines and two complete sets of amplifiers and 
associated apparatus, which are accommodated in two 
rooms. One is known as the apparatus room and con¬ 
tains two machines, amplifier bays, associated apparatus, 
and a loudspeaker for monitoring purposes. The 
other is known as the control cubicle, in which there is a 
second loudspeaker and a control desk from which the 
control engineer can see into the apparatus room 
through a double glass window. A schematic diagram 
is shown in Fig. 23, to which the references apply. 

The programme originating in a studio or at an out¬ 
side broadcast point is transmitted by line via the 
control room at Broadcasting House to the control room 
at Maida Vale. It is then distributed by isolating 
amplifiers to the recording channels. The programme 
is next passed through a control potentiometer in the 
control cubicle, and thence to the two recording ampli¬ 
fiers (He) the inputs of which are connected in parallel 
through a key switch (Rec. C.O.), which can be used for 
change-over purposes. Each amplifier incorporates 
suitable frequency-discriminating networks between the 
first two stages, and has a final push-pull stage. The 
output of the amplifier can be connected by means of a 
switching key to either of the recording heads associated 
with the appropriate machine, the steady demagnetizing 
current being introduced into this circuit. 

Either of the two reproducing heads associated with 
the machine can be connected to the input of the three- 
stage reproducing amplifier (Rp) by means of a key. 
This amplifier embodies the discriminating networks 
necessary to produce an overall frequency characteristic 
that is sensibly flat up to the cut-off frequency. 

Two separate output circuits are provided. One of 
these is used to supply the programme to the Maida 
Vale control room through a change-over unit (2 Ch. 
Fade Unit) and thence to Broadcasting House. The 
other supplies the loudspeaker amplifiers associated with 
the loudspeakers (L.S.) in the apparatus room and the 
control cubicle. Switching arrangements are available 
in both these rooms, to enable the loudspeaker to be 
connected either across the incoming programme or 
across the output of either of the two reproducing 
amplifiers. The listening levels can be balanced by 
means of volume controls. A programme-level indi¬ 
cator (P.M.) is available for measurement of the level at 
any point in the chain. 

Since the recorded programme is reproduced a frac¬ 
tion of a second after the recording actually takes place, 
the quality of this can be readily compared with that of 
the incoming programme. It has already been pointed 
out that this facility enables the recording engineer to 
determine and adjust the recording level by listening to 
the programme after reproduction, since it is necessary 
to effect a compromise between limits imposed by sig¬ 
nal/noise ratio and distortion. 

The above method of monitoring has been found to be 
the most satisfactory in practice, but various forms of 
visual indicators have been tried from time to time. One 
of these consisted of a neon indicator operated indirectly 
by the a.c. voltage developed across a resistance in series 
with the recording head. This indicator was so adjusted 
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that faint flashes occurred in the lamp when the maxi¬ 
mum permissible recording level was approached, and 
bright flashes when the level producing oveiioading was 
reached. There are, however, certain drawbacks to such 
a system. It must be realized that no reduction of the 
value of available signal/noise ratio can be tolerated. 
In fact, in some instances it is necessary when recording 
to reduce the volume range of the programme which has 
already been controlled for transmission purposes. 

In order that an indicator of the type described above 
should be of assistance, the tapes used for recording 
must be absolutely uniform as regards the maximum 
permissible recording level which can be applied. If 
this is not the case, the visual indicator must be so 
adjusted that a margin is allowed for the non-uniformity 
of the tapes, and this means that the maximum per¬ 
missible recording level is not supplied to some tapes, 
with a consequent reduction in signal/noise ratio. 


way. When the spool on the first machine nears the 
end of its run the second machine is started up, and at a 
suitable passage in the programme, preferably during a 
pause between two items, the recording is changed from 
the first machine to the second. The tape on the first 
machine is then rewound, and a new tape put into 
position ready to take over if necessary. In the event of 
a fault of any kind developing while the first machine is 
in operation, the second machine is immediately started 
up and takes over the recording. If, on the other hand, 
a fault develops on the second machine while the first is 
being rewound, it is necessary to continue the recording- 
on a machine from another channel. No change-over is 
attempted in this case, the spare machine being brought 
into operation as soon as possible. 

In the case of a reproduction involving more than one 
spool of tape, the machine allotted for the reproduction 
of the second spool is set up in such a way that there is 



Two engineers are required for each recording channel 
one in the control cubicle and the other in the apparatus- 
room. The former checks the quality of the recording 
and controls the recording level, while the latter is in 
charge of the machines and apparatus. A system of 
illuminated indicators is used between the control 
cubicle and the apparatus room, which enables the 
control engineer to give the necessary directions to the 
engineer in charge of the apparatus. 

. Wh en preparing for a recording session, the pole- 
pieces for all the heads must be carefully selected, and a 
test recording must be made to ensure that the per¬ 
formance is satisfactory. 

Both machines in the recording room are kept ready 
for immediate use, whether the recording to be carried 
out requires one spool of 30 minutes* duration or more. 
In the case of a recording lasting over 30 minutes it is 
necessary to make a change-over from one machine to 
the other. This is usually carried out in the following 


just enough tape prior to the commencement of the 
recorded programme to allow the machine to reach 
normal speed before the recorded section reaches the 
reproducing head. An appropriate passage is selected 
towards the termination of the recording on the first 
spool, to act as a cue for the starting of the second 
machine.. . The finding of cue passages is simplified by 
the provision of indicators coupled to No. 2 driving 
system (Figs. 19 and 21, Ref. 49, Plates 1 and 3). 

When a programme is of particular importance, 
simultaneous recordings are made on two machines. 
These may be the two machines comprising one channel 
when the programme is timed to last for less than half 
an hour, otherwise it is necessary to use two complete 
channels. 

The signal for the commencement of a recording or 
reproduction can be given by a system of cue lights, 
which are operated either from the control rooms at 
Maida Vale or Broadcasting House, or directly from a 
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studio. Alternatively, the recording or reproduction 
can be arranged to commence on a predetermined cue- 
passage occurring during a normal transmission. 

It is sometimes necessary to obliterate a certain por¬ 
tion of a recording. For instance, in the case of a pro¬ 
gramme recorded during the day for transmission to the 
Empire at night, an announcement such as “ This is the 
London Regional Programme ” may occur, and before 
the recording is transmitted to the Empire this must be 
wiped out. This is accomplished by inserting a wiping 
pole-piece in the second reproducing head and using it 
as a wiping head. A unit consisting of a battery and a 
variable resistance with a spring-loaded control is con¬ 
nected in series with this head. The resistance is open- 
circuited in the *' off ” position of the control, and a 
condenser is connected across it to prevent clicks due 
to sudden changes of flux. The tape on which the 
passage to be wiped occurs is passed through the machine 
with the first reproducing head in use in the normal 
manner. At the appropriate moment, the control com¬ 
pleting the circuit through the second reproducing head 
is operated and the unwanted portion is wiped out. At 
the end of this unwanted portion the control is released 
and the remainder of the recording is unaffected. It is 
then possible to record an alternative announcement on 
the portion of the tape which has been wiped. By this 
means the wiping process may be commenced practically 
instantaneously or the programme may be faded out 
gradually. 
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Mr. N. M. Rust: While an ideal recording system 
does not exist, there are several features of magnetic 
recording which stand out. There is no other recording 
system, for instance, whereby it is possible to “ rub out ” 
in the middle of a programme and to record something 
else. With magnetic recording one also has the ability 
to play back instantaneously and to make a delay play¬ 
back at any time from 0-1 sec. up to 1 minute after 
the signal. 

The ability to rub out and re-record could be applied 
to recording for stenographic purposes. There is the 
possibility in a large organization of a recording room 
linked up with the offices and the typists in such a way 
that the staff can record their letters, have them played 
back again, and then rub out and correct them. Whether 
such a system is commercially practicable at present I do 
not know, but if it could be developed it would certainly 
be a great boon in large offices. 

With regard to the ability to play back at any delayed 
time, one fairly obvious application which seems quite 
a simple matter is the production of artificial echoes for 
broadcasting. But, if it were done in the ordinary way 
with a single reproducing head, the system would not 
give a natural effect, because such an arrangement does 
not simulate the reverberations which occur. The only 
feasible system would be one having two or three repro¬ 
ducing heads delayed at different times behind the 
recording head, and with the delay periods arranged in 
relation to the reproduction characteristics. The heads 
and the amplifiers associated with them would have to be 
split into bands, the head nearest the recorder passing the 


higher frequencies and the head farthest away passing 
the lower. 

In developing the recording machine to the point where 
speed variations were not noticeable in commercial pro¬ 
duction, even higher standards were obtained under 
laboratory conditions. One of the difficulties of magnetic 
recording is that mechanical considerations necessitate a 
certain size of tape drive wheel. If the wheel is made 
smaller it does not hold the tape well, and if it is made 
bigger the inertia effects in the tape wheel itself become 
serious. It happens that the period of variation which 
the ear most notices is just about the period of one 
revolution of the tape wheel, which makes it necessary to 
take great precautions to ensure a steady drive. 

By using a synchronous direct-drive motor instead of a 
high-speed motor and gearbox, we avoided " flutter ” 
troubles. The electrical analogue of such an arrange¬ 
ment is a generator working through an inductance. The 
flexible coupling interposed between the direct drive and 
the flywheel is equivalent to a condenser, and the flywheel 
itself is equivalent to a big inductance. The inertia of 
the tape-wheel system is equivalent to a small inductance, 
and the aim is to keep this small relative to that repre¬ 
sented by the flywheel, and also to make the flywheel 
equivalent to a damped inductance. Similarly, by using 
material of high internal friction, we attempted to get all 
the damping we could in the coupling. 

In the experimental work to get rid of the troubles due 
to irregularities, we used two forms of check arrange¬ 
ments. The first consisted of a stroboscopic disc on the 
end of the tape wheel, and a sodium lamp which was 
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energized from the mains and timed from a special 
circuit. The stroboscopic marks stood out so clearly 
that it was possible to use a low-power microscope for 
observing the fluctuations. The other method used for 
the final check was an oscillograph method, suggested by 
the B.B.C. engineering staff. It consisted in controlling 
the horizontal sweep of the oscillograph by a sawtooth 
time-base which was locked from the recorded tone, and 
obtaining the vertical sweep from the reproduced tone. 
Any irregularity in the speed caused a displacement of 
the pattern. 

An interesting piece of apparatus used in the develop¬ 
ment work was a continuous-band tape machine. This 
had a form of reservoir which allowed of the use of a 
tape taking up to | minute to run through. The tape had 
a joint in it, of course, and was so arranged that we could 
easily reverse it. This device enabled us to listen to 
speech backwards. We would take a simple sentence and 
try to say it backwards; if we were successful, the record 
would come out as the original sentence, which seems to 
show that intelligibility of speech, at least in English, is 
not dependent on transients (which surely cannot be 
generated backwards) to the extent that one would think. 

Mr. H. L. Kirke: Some of the effects of demagnetiza¬ 
tion are not easy to understand, and I should welcome 
further explanation of these. 

I should like to mention the difficulty of getting steel 
manufacturers interested in the problem of steel tape 
for magnetic recording. The trouble is that the cost of 
research in this subject is very high, and relatively only a 
small quantity of tape is required. For this reason we 
have more or less had to adhere to the products of one 
firm. Another point on which the authors do not say 
very much is the question of the pole-pieces. Further 
details of these would be welcome. 

Regarding the subject of jointing, it would be interest¬ 
ing to know how the welding experiments referred to in 
Section (3) have turned out. 

In connection with constancy of speed and size of 
apparatus, there is a great difference between the require¬ 
ments of an apparatus for reproducing music in ordinary 
broadcasting channels and that of apparatus which is 
merely required to reproduce speech. Speed constancy 
in music requires far greater accuracy than in speech, and 
it is necessary to use much larger apparatus in order to 
obtain that speed constancy. For speech records in 
offices and the like, a much smaller machine than the one 
described in the paper would be satisfactory. 

Mr. F. H. Dart: I consider the machine described in 
the paper to be a reliable piece of mechanical apparatus. 
In the past year machines of this type have been “ on 
the air ” for reproducing programme material 1 957 hours. 
The total breakdowns over the same period only amount 
to 39 minutes 28 seconds, equivalent to 0-033 % of the 
programme time. Of these breakdowns, none can be 
directly attributed to the machines: 26 minutes 33 seconds 
of the breakdown time was due to tapes breaking at 
joints, the remainder being due to amplifier or other 
electrical trouble. 

Regarding the authors’ statement that the single-pole 
and the double-pole methods of working can both be made 
to give satisfactory results, I would recommend the use of 
the single-pole method. In the past our tape joints have 


taken the form of soft-solder lap joints, and it is my 
opinion that breakdown has resulted from the pole-pieces 
catching in these joints. With the single-pole system, 
the edge exposed to the pole-piece can be so arranged 
that it is on the opposite side of the tape from the pole- 
piece, and in this way the trouble can be materially 
reduced. 

No mention has been made of the wear of tapes. We 
have many in service which have carried out 60 record¬ 
ings ; they must have been reproduced many hundreds of 
times, and yet they are still in good condition. A tape 
which was delivered from the manufacturers just over a 
year ago, and on receipt was calibrated both for back¬ 
ground noise and magnetic properties, after a year’s 
service and 30 recordings showed an increase of 6 db. in 
background noise. This was first thought to be due to 
general wear on the tape, but was subsequently found to 
be due to foreign matter, and by suitable cleaning the 
tape was restored to its original state. 

There is one question I should like to ask the authors. 
The recording curve A in Fig. 16 (double-pole system) is- 
relatively flat compared with the recording curve A in 
Fig. 17 (single-pole system), whereas the reproducing 
curve C in Fig. 16 (double-pole system) has a sharply- 
rising characteristic while the corresponding curve for the 
single-pole system (Fig. 17) is a falling one. It would 
therefore appear that the background noise on a double¬ 
pole system should be materially greater than on a 
single-pole system, and I should be interested to know 
whether this is the case. 

Dr. L. E. C. Hughes: While working on the develop¬ 
ment of a magnetic reproducing machine, which consisted 
of a steel tape clamped on the edge of a wheel, my asso¬ 
ciates and I obtained some 12 000 reproductions before 
the level dropped by about 3 db.; the intelligibility was 
maintained, but the quality was only of telephonic 
standard. In this machine, an arrangement provided for 
the lifting of the pole-tips from contact with the tape on 
the passage of a joint. 

With ordinary steel-tape we noticed a threshold effect,, 
i.e. a definite applied level had to be exceeded before any 
registration was effected; also with increasing applied 
level the registration level fell off, on account of satura¬ 
tion. Did the authors experience such effects in the early 
stages of development ? 

I wish to protest against the physical explanation of 
demagnetization of steel, using the theoretical conception 
of magnetic poles. These do not exist physically, and are 
useful only for defining an arbitrary magnitude of mag¬ 
netic flux, which, like its electric counterpart, current, is a 
sufficient conception for explaining magnetic phenomena. 

Mr. Donald McMillan: Five years ago we in the 
Post Office Engineering Research Department acquired 
a magnetic-recording apparatus which we employed to 
introduce a time-delay into transmission circuits. It had 
certain differences from the equipment described in this 
paper, and I should' be interested to have the opinion of 
the authors on those differences. The arrangement of the- 
equipment was simple. It consisted of a continuous loop 
of tape which passed first through a recording head, then 
through a reproducing head, and finally through a wiping 
head; and the time-delay could be controlled by moving 
the recording' head relative to the reproducing head. 
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The method adopted for wiping out was, however, quite 
different from that described by the authors. The 
wiping head consisted of a solenoid with its axis along 
the tape, and the tape was entirely demagnetized by 
passing alternating current through this solenoid. The 
tape was then magnetized to a certain steady value by 
the recording head, which had direct current passing 
through it. The recording was presumably effected by 
alternating the value of the magnetization around the 
value produced by that direct current. In the system 
described by the authors, on the other hand, the wiping 
head saturates the tape, and the recording in effect 
reduces the magnetization of the tape. 

I am interested in the description of the present 
apparatus from the point of view of the signal/noise ratio 
and range of amplitude permissible. A recently-pub¬ 
lished description of a good type of optical recording 
system states that a ratio of peak-to-valley intensity in 
music of 55 db. was reduced effectively to 38 db. by the 
use of this recorder. Can the authors quote any com¬ 
parable figure for their equipment ? 

With regard to the signal/noise ratio, a figure of 
35-45 db. is considered poor by telephone engineers, 
whereas the reproduction which we have heard from the 
author’s apparatus and with which we are familiar from 
broadcasting is anything but poor. I should like to 
know the explanation for this. Further, I am not able 
to relate the figure of 35-45 db. to Fig. 14. Perhaps the 
authors could give some further information as to how 
that signal/noise ratio was measured. I presume that it 
was measured with some form of programme meter, 
measuring first of all the signal and then the noise. 

With our old type of apparatus, which used rather 
thicker pole-pieces than those described in the paper, we 
had great trouble due to wear of the pole-pieces. I notice 
that the pole-pieces described by the authors are sharp¬ 
ened down to 0*06 mm., and I should like to know what 
is the effect of wear upon their performance. Pre¬ 
sumably the degradation obtained as they wear is the 
conventional type associated with any recording system, 
namely lack of high frequencies and inciease in noise. 
Does this constitute a serious cause of trouble, and do the 
pole-pieces need changing often ? 

Mr. L. S. Anand: Can the authors give any informa¬ 
tion about the design and the thickness of the tape ? I 
imagine that while there is longitudinal recording there is 
also transverse recording, and this may distort the 
regularity of reproduction. Is the thickness of the tape 
based on mechanical limits, and should the tape be as thin 
as possible ? Is there an optimum value for the coeffi¬ 
cient of modulation used ? 

Mr. L. C. Stenning: In view of the advantage derived 
in the way of cost and storage by reducing the speed of 
the tape, I should like to draw attention to some recently- 
published American work* in which the tape was mag¬ 
netized perpendicularly instead of longitudinally. The 
quality and frequency-range claimed were about the same 
as for the authors’ machine, and this result was secured 
with a speed of about 16 in. per sec., instead of 1*5 m. 
per sec. 

Mr. E. L. E. Pawley: We all know the advantages of 
negative feed-back in an ordinary amplifier system: one 
* Bell System Technical Journal, 1937, vol. 16, p. 165. 


takes part of the output and feeds it back into the input, 
and, if the phases and magnitudes are right, one is thus 
able to cancel out some of the unwanted effects which 
occur in the process of amplification. In the case of 
magnetic recording, would it be possible to take part of 
the output from a reproducing head and inject it back 
into the recording head (or into an auxiliary recording 
head) during the recording process in such a way as to 
cancel some of the non-linear distortion and also some 
of the noise which arises in recording ? An obvious 
difficulty is that the phases will not be the same for all 
frequencies, but it might be possible to put this, right 
by a phase-compensating network or by running an 
auxiliary loop of tape in synchronism with the main 
tape. 

Mr. H. Bishop: I should like to mention the use of 
magnetic-recording equipment for business purposes. 
The original machine of Dr. Stille was developed by him 
and marketed as an office machine in 1925, because at 
that time the need for a recording process for broad¬ 
casting had not asserted itself. The machine had two 
forms. One used a steel tape 6 mm. wide, compared with 
3 mm. on the machine described in the paper, and the 
other, a much smaller affair, used a wire of 0-25 mm. 
diameter. Both gave what would now be called very 
poor quality, but in those days the results were con¬ 
sidered not at all bad. No further development work 
was done on the machine until it became available in this 
country in 1930. 

More recording in connection with broadcasting is done 
in Germany than in this country. The German broad¬ 
casting authorities use magnetic-recording, machines 
installed in vans, and the results are, I believe, fairly 
successful. In this country the vans used by the B.B.C. 
are equipped for cellulose-disc recording. 

An important requirement of a recording system when 
used for broadcasting is the ability to edit the records. 
For example, during a football match a commentary of 
an hour or so may be recorded, but only the specially 
exciting parts may be wanted for re-broadcasting in the 
news bulletin the same evening. For this class of work, 
therefore, editing is essential. A magnetic-recording 
system is not quite so convenient in this respect as a 
disc system, but on the other hand the former has the 
advantage of being able to repeat a long programme 
without interruption. Further, the tape can be used an 
indefinite number of times, and this is of particular value 
for the short-wave service, where the programmes are 
radiated 4 or 5 times in a period of 24 hours, after which 

they are not wanted again. 

Messrs. A. E. Barrett and C. J. F. Tweed (in reply ): 
The experiments relating to the welding of tapes, to 
which Mr. Kirke refers have proved satisfactory. During 
the process of welding, however, the tape becomes brittle 
and subsequent annealing is necessary. This unfortu¬ 
nately alters the magnetic properties of . the tape. The 
noise due to this and to the mechanical imperfections of 
the joint is considerably less serious than that produced 
by a soldered joint, which is comparatively uneven and 

mechanically inferior. _ 

Mr. Dart’s remarks concerning single-pole recording 
(Group 1, Fig. 11) and double-pole recording (Group 26, 
Fig. 11) are important since they have considerable bear- 
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ing on the operation of a system with which he is con¬ 
cerned. There is little difference between the results 
obtained with these two systems, but listening-tests 
indicate that the quality of reproduction is superior when 
using the double-pole system. With the latter it is 
possible to record at a slightly higher level at the higher 
frequencies, though at the lower frequencies the converse 
holds. As we are chiefly interested in the level of the 
recording at the higher frequencies from the point of view 
of surface noise, this point is in favour of the double¬ 
pole system. 

The statements referring to the recording curves for the 
S.P.I. and D.P. systems appear correct at first sight, but 
it must be remembered that the signal/noise ratio is 
dependent on the absolute level of recording, and in 
practice it is found that the increase in signal/noise ratio 
which might be expected is not realized. The results of 
tests under service conditions show that for a given 
quality of reproduction the recording level for the S.P.I. 
system is lower than the corresponding level for the D.P. 
system. This results in practically the same signal/noise 
ratio being obtained for both systems. 

It is probable that, during the experiments referred to 
by Dr. Hughes, recording was carried out near the state 
of zero magnetization, in which case the effect mentioned 
might be expected on account of the low initial per¬ 
meability of the tape. We regret that Dr. Hughes takes 
exception to our physical representation of the demag¬ 
netization of steel. 

The method of wiping mentioned by Mr. MacMillan 
indicates that the tape is in a state of zero magnetization 
when leaving the wiping head, and it follows, therefore, 
that the recording takes place on a portion of the initial 
magnetization curve instead of a portion of the largest 
hysteresis loop, and ideally a shorter straight portion 
would be available for the recording process. Since there 
are other limitations to the possible amplitude of record¬ 
ing, the linear ranges obtainable with the two systems 
may not be widely different. With regard to a com¬ 
parable figure for peak-to-valley intensity which may be 
obtained, this varies considerably with different tapes, 
but is of the order of 30 to 35 db. The signal/noise ratio 
was measured with various types of programme meter. 
Some of these meters had a long, and .others a short, 


charging time, but the results obtained agreed within 
one or two decibels. Measurements on the tapes used 
at the demonstration actually gave a signal/noise ratio 
of approximately 40 db. The energy contributing to 
noise is chiefly confined to the high frequencies, and if 
measurements were made with a cut-off frequency of 
3 000 cycles the signal/noise ratio would be higher. If 
an attempt is made to estimate the maximum signal/noise 
ratio from the curves of Fig. 14, allowance must be made 
for the amplitude/frequency relationship which occurs in 
music, and since the amplitudes at 4 000 cycles are con¬ 
siderably lower than those occurring below I 000 cycles it 
would appear reasonable to estimate the signal/noise 
ratio from one of the lower-frequency linearity curves. 
The curves in Fig. 14 were not taken with a particularly 
good tape—probably one which gave a signal/noise ratio 
of 36 db. The effect of pole-piece wear is in general to 
reduce the high-frequency response, and also the noise, 
since this is noticeable chiefly at the higher frequencies. 
If, however, the pole-pieces become jagged due to passing 
over a .bad joint, then the quality is liable to suffer. 
Pole-pieces are checked before each recording or repro¬ 
duction, and their life is largely dependent upon the 
nature of the joints in the tape. 

In reply to Mr. Anand's questions concerning the 
thickness of the tape, this dimension (0-08 mm.) was 
originally determined by considerations of mechanical 
strength and manufacture. Experiments have been 
carried out recently using tape of a thickness of 0 • 05 mm., 
but the results have been inferior to those obtained with 
the 0-08 mm. tape. The expected reduction in self¬ 
demagnetization effects was not realized, owing prob¬ 
ably to non-uniformity of magnetization at the higher 
frequencies referred to in Fig. 16. 

We have carried out experiments on a system similar 
to that referred to by Mr. Stenning, and the results were 
inferior to those obtained with the D.P. or S.P.I. systems. 
We found that the adjustments which were necessary to 
achieve satisfactory results were much more critical, 
which is an added complication from the point of view of 
a recording service. 

The suggestions outlined in Mr. Pawley’s remarks are 
very interesting, but their application presents serious 
practical difficulties. 
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SUMMARY 

From a consideration of the physical phenomena involved 
in thermionic conduction and in thermal or Johnson noise, 
it is deduced that the noise in a space-charge-limited valve is 
best expressed as a thermal noise, and it is shown that a 
small correction must be applied to the valve slope resistance 
to give the value of resistance effective as a noise source. 
The theoretical temperature of this resistance is then shown 
to be approximately half the cathode temperature. In a 
temperature-limited valve, both the resistance and the tem¬ 
perature of the conducting path are indeterminate. The 
" pure shot noise ” formulae are applicable to this case, and 
represent the maximum noise which can result from the pas¬ 
sage of a given current through the system. It is incorrect, 
however, to state that in space-charge-limited conditions 
“ pure shot noise ” is smoothed out, while thermal noise in the 
internal resistance of the valve appears as an additional factor; 
shot noise and thermal noise in the valve’s internal resistance 
are essentially the same phenomenon, but are modified by the 
differing conditions of electron transit. 

Nyquist’s expression for thermal-agitation noise is derived 
from the atomic mechanism in the case of a metallic con¬ 
ductor. 


(1) INTRODUCTION 

The author might perhaps be accused of temerity in 
attempting a theory of such weighty subjects as shot 
noise and thermal-agitation noise without having the 
backing of any experimental work; but from discussion 
with workers in this field there seemed to be scope for 
one with training as a physicist to endeavour to interpret 
the results of other radio workers, even though statis¬ 
ticians regard the problem as unpromising. Those who 
are familiar with the subject are Asked to forgive the 
elementary treatment of simple shot noise with which 
the paper opens; it is included because it appears to be 
an appropriate starting point in the search for a coherent 
theory based on fundamental principles. 

Although in the realm of mechanical engineering we 
do not find the atomic structure of matter forcibly 
brought to our notice, yet in electrical technique we have 
already reached the stage where the discrete nature of 
the electric current is clearly perceptible. As an extreme 
instance of the sensitivity attainable by thermionic-valve 
methods, an electrometer valve can be made to detect a 
current of the order of I0~ 18 ampere—say 10 electrons 
per second. If the indicating system could be made of 
sufficiently short time-constant, such a current would 
necessarily be found to be non-uniform, but other 
information is required to predict whether the variation 
will be a regular 0 • 1-second cycle, or an irregular 
distribution subject only to the constancy of the long- 
period mean. (Actually, these minute currents can at 


present be measured only by a condenser-charging 
method, so we are very far from the required rapid 
indicating system which would give the direct experi¬ 
mental answer to this question.) Considering only 
electron currents (i.e. disregarding any phenomena such 
as electrolysis or gas discharge, which depend in part 
on conduction by heavier ions) we may distinguish 
between electrons travelling within a conductor and 
those travelling through free space; in the problem of 
valve noise we are concerned with the latter category. 
Now electrons may be emitted from conductors into 
space by various mechanisms—radio-activity, thermal 
emission, photo-electric emission, and ionic or electronic 
bombardment (the last including secondary emission). 
Atomic physics shows that all these processes are essen¬ 
tially “ random,” meaning that although it is possible 
to predict the mean value of any quantity involved, 
from statistical laws based on previous observations of 
large numbers of events—just as actuaries will determine 
a statistical value for the length of life of any class of 
persons—yet the behaviour of the individual unit, when 
we come down to atomic phenomena, is as incalculable 
as the life of an individual human being. 

It is reasonable to assume, therefore, that the electrons 
constituting the currents in a thermionic valve are 
emitted at random times. Suppose, then, that five 
different currents, each having a mean value of 10 elec¬ 
trons per second, could be observed for 2 seconds, and 
that the 20 electrons in each were found to be dis¬ 
tributed over the 2 seconds in the manner represented 
by the curves lettered A, B, C, D, E, in Fig. 1, where 
the 2-second period has been divided into intervals of 
l/10th second. In each current the mean number of 
electrons is 1 per 0-1-second interval, but the indi¬ 
vidual values vary between 0 and 4 electrons per interval; 
while adding all five currents together, giving a mean 
value of 6 electrons per 0 • 1 second, is seen from the 
curve marked “ Sum ” to produce variations from 2 to 12. 
Although this diagram has not, of course, any great 
quantitative significance,! it clearly illustrates that as 
the number of electrons with which we are dealing 
becomes greater (i.e. the current is increased) the rate 
of flow becomes relatively smoother, but the absolute 
value of the variations is larger. Thus, on the one hand, 
large currents are for ordinary purposes regarded as 

t The random distributions of Fig. Iwere obtained by drawing lots as follows. 
Cards numbered 1 to 20, corresponding to the 20 intervals of the period plotted, 
were shuffled and draws were then taken at random; after noting the number 
each card was replaced and shuffled, the process being repeated unt il 100 numbers 
had been drawn. The first 20 of these numbers, in order of drawing, were taken 
to represent the numbers of those intervals of the period during which an 
electron passed for current A, and successive hatches of 20 for the other currents. 
The number of electrons attributed to the nth interval of 0-1 second is thus 
equal to the number of occasions on which a card numbered n was drawn during 
the 20 draws representing the part icular current. The result should be genuinely 
“ random.” 


* Reprinted from Journal I.E.E., 1938, vol. 82, p. 522. 
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uniform, while on the other hand the shot noise in a 
temperature-limited valve increases in proportion to the 
current. If in a wireless receiver the steady current of 
the valve in each stage of amplification were in propor¬ 
tion to the signal strength, so that the anode current 
in each valve was approximately 100 % modulated by 
a strong signal, this type of phenomenon would still 
cause a deterioration of signal/noise ratio as the sensi¬ 
tivity was raised, since the smaller currents in the input 
circuit would then be subject , to a large relative fluc¬ 
tuation; this corresponds to the case of a photocell 
combined with an electron-multiplier. The increase of 
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noise here arises from the fact that with decreasing signal 
amplitude the charge conveyed across a valve per half¬ 
cycle of signal current is becoming more comparable 
with the charge on a single electron. But in a normal 
amplifier one might expect a far worse state of affairs, 
since the current in the first valve depends upon the 
type chosen, and the size of valve cannot be indefinitely 
reduced in proportion to the signal strength. Actually, 
however, the ordinary thermionic amplifying valve works 
under conditions of space-charge limitation (not tem¬ 
perature limitation), and it is known that the valve noise 
is then less than predicted by the simple shot-noise 
theories. The noise in the presence of space-charge 
limitation is discussed later in this paper. 


(2) TEMPERATURE-LIMITED CONDITIONS 
Existing theories, which are well supported by experi¬ 
mental results in the temperature-limited regime, show 
that the mean square of fluctuation voltage at the anode 
of a temperature-limited diode is directly proportional 
to the magnitude of the current from which it arises. 
Moullin and Ellis,* for example, give the formula 

Vf = I av eRj(2C) ..... (1) 


where V 2 is the mean-square shot voltage in an anode 
circuit, having resistance R shunted by capacitance G, 
connected to a diode having temperature-limited anode 
current of mean value I aVi . For an oscillatory anode 
circuit they give 



J-avfiL 
2RG 2 


(1 + -F 2 ) 


( 2 ) 


where F — R((coqL). Now for a good tuned circuit 
R/(o) q L) at resonance (ca 0 = 2n times the resonant fre¬ 
quency) is of the order of 10~ 2 , so that F 2 is negligible 
compared with unity. Writing LJ(RC), the dynamic 
resistance of the circuit, as R', the formula for noise in 
a tuned circuit becomes 

V 2 = I av eR'/(2C) .... (3) 

which is of the same form as (1), but employing the 
dynamic resistance of the circuit in place of an ohmic 
resistance. It is interesting to note that in (3) the 
factor C still appears in the denominator. This suggests 
that the use of a tuned circuit of low L/C ratio with 
low resistance will give the best signal/noise ratio for a 
given amplification, i.e. for constant value of the dynamic 
resistance R'. However, this policy is limited firstly by 
the difficulty of lowering the resistance sufficiently to 
maintain the desired value of dynamic resistance, and 
secondly by the increasing selectivity which results from 
the small decrement and tends to limit the band-width. 
It may be said, in fact, that the reduction of noise has 
been obtained at the expense of decreasing the band¬ 
width. 


(3) SPACE-CHARGE-LIMITED CONDITIONS 
So far we have only mentioned conditions covered by 
equation (1), which is based on the assumption that the 
time of transit of the electrons is so small as to have 
no effect on the noise spectrum, and that the arrival of 
electrons at the valve anode is “ random,” i.e. that the 
emission of an electron is not influenced by the time at 
which any previous electron was emitted, or arrived 
at the anode, but is controlled solely by the combina¬ 
tion of the external electric field (due to potentials on 
the various electrodes of the valve) and its own energy 
of thermal agitation within the cathode. Experimental 
results support this equation for temperature-limited 
conditions; but when there is sufficient surplus emission 
to form a considerable space-charge it is found that the 
noise is substantially reduced. Indeed, the existence of a 
finite anode-slope resistance shows that the charge on 
the anode (which is dependent upon the number of 
electrons that have previously arrived there) must have 
some influence on the adventures of electrons emitted 

* See Reference (1). 
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at a later time, and therefore casts some superficial doubt 
on the hypothesis of truly random emission. 

It is generally agreed that with this space-charge 
(which is after all the practical working condition in 
some part of the electrode system of every amplifying 
valve) the envelope of noise voltage, i.e. the larger 
fluctuations arising from the random arrivals of numerous 
electrons, as illustrated in Fig. 1, must produce an 
opposite fluctuation in anode current, just as much as 
would occur with any signal voltage developed across 
the external circuit and appearing as a potential on the 
anode. (The noise envelope is of course a function of 
the characteristics of the external anode circuit, as well 
as of the fluctuation in the current arriving at the anode.) 
If then the valve has slope resistance 11 a and the external 
circuit is as assumed for equation (1), this effect is 
believed to cause a reduction in the shot-noise energy 
by a factor R a l(R a + R), giving the Moullin and Ellis 
equations 




V Ra *4* R ) C 


(4) 


for the total noise voltage, and 


V% = 2 I„e 



(5) 


for the noise voltage in a narrow band of frequencies df. 
For lack of a better name, the theory represented by 
equations (1) to (5) will be referred to as the “ pure shot ” 
theory, which does not explicitly consider events taking 
place within the space-charge, but only the arrival of 
electrons at the anode. According to this view, shot 
noise is as a first approximation expressible solely in 
terms of the magnitude of the current arriving at the 
anode [equation (1)]; after allowing for the effect of 
external-circuit characteristics and internal resistance of 
the valve on the voltage actually generated on the anode 
[equations (4) and (5)], any .corrections required under 
space-charge conditions are outside the scope of this 
theory. Actually, however, it is agreed by all experi¬ 
menters that valve noise is greatly reduced, but never 
completely abolished, by space-charge limitation of the 
anode current. 

Llewellyn* and a number of American workers, on the 
other hand, take an entirely different view, leading to 
what may be briefly described as the “ thermal noise 
plus shot noise ” theory. They consider that there are 
two separate sources of noise within the valve. First, 
random emission from the cathode in the temperature- 
limited condition must cause an exactly corresponding 
random arrival at the anode, and hence give rise to 
" pure shot noise.” But Llewellyn considers that when 
space-charge is present it smooths out the random 
emission from the cathode, so that arrival at the anode 
is no longer random, the smoothing being proportional 
to a factor (dZydI e ) 2 ; the pure shot noise is to be multiplied 
by this factor to give the shot noise modified by space- 
charge. (I is the actual anode current, and I e the total 
emission from the cathode.) Thus with complete space- 
charge limitation, dl}dl c = 0, shot noise should vanish. 
But in addition to pure shot noise there is said to be 

* See Reference (2), 


" thermal noise ” within the valve, for it is argued that 
since the valve has an effective slope resistance R a it 
must on general grounds of thermodynamics give rise 
to the amount of thermal-agitation noise (or " Johnson 
noise ”) appropriate to such a resistance. 

Experimentally, neither theory has proved satisfac¬ 
tory. The difficulty with the thermal-noise-plus-shot- 
noise theory has been that in order to correspond to the 
observed values of slope resistance and noise the tem¬ 
perature of the internal resistance must be somewhere 
about one-half of the cathode temperature; it has in the 
past seemed a natural assumption that the slope resis¬ 
tance should be at a temperature equal to that of the 
cathode, but no published paper has covered this 
question adequately.* The value of the total emission 
I e for use in the factor dlfdl c is also a matter of some 
difficulty, not only with dull emitters but apparently 
even with pure tungsten cathodes. Pearson, for example, 
published some experimental results in support of the 
thermal-noise-plus-shot-noise theory against the pure 
shot-noise theory.f He found it necessary to resort to 
an extrapolation method to eliminate the effects of 
external field on the temperature-limited emission from 
his tungsten cathode; even so, at very small currents 
(low filament heating) his values of I c were subject to 
inaccuracy, for he obtained in the worst case dl/dl c 
— 1-03, i.e. the current to the anode increasing 3 % 
faster than the reputed total emission from the cathode. 
The exponents of the pure-shot-noise theory, on the other 
hand, have not produced any alternative theory for the 
reduction of shot noise by space-charge. 

(4) THERMAL NOISE IN A VALVE 

The present author was therefore faced with the 
problem of first finding the weaknesses and strengths of 
the two theories referred to above, and then endeavouring 
to construct a more adequate hypothesis. As regards 
thermal noise, the author is sufficient of a physicist by 
training to regard thermodynamics, when properly 
applied, as an infallible instrument; there appears to 
be no flaw in Nyquist’s thermodynamic proof of the 
universality of thermal-agitation noise, whatever may 
be the magnitude of such noise.$ Moullin objects that 
within the valve there is no collision between free elec¬ 
trons and fixed molecules, so that, the mechanism of 
ordinary resistance being absent, thermal agitation noise 
which arises in solid conductors should also be absent.§ 
But consider a resistance connected between grid and 
cathode of an amplifying valve; thermal noise arising 
from this resistance is apparent only as a varying charge 
on the grid of the valve, and, though we may fairly 
deduce therefrom that there is a random motion of 
electrons in the resistance, we need independent evidence 
to determine how that random motion is caused. Simi¬ 
larly, if the electrons within the anode stream of a valve 
have random components of velocity, they can produce 
a “ noise ” voltage which is indistinguishable from that 

* A paper on this question by B. J. Thompson and D. O. North was presented 
at the Rochester meeting of the Institute of Radio Engineers, lGttyNovember, 
193G, but so far as the author is aware this has only been printed in abstract 
form. 

+ See Reference (3). , . 

f See Reference (4). An alternativeto Nyquist’s derivation of the magnitude 
and temperature dependence of thermal-agitation noise is given at the end of 
this paper. § See Reference (1). 
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produced by a metallic resistance, though the mechanism 
of collision with fixed molecules is not present; we have 
to rely upon the thermodynamic proof, however, to 
assure us that the relation between magnitude of noise 
voltage and magnitude and temperature of resistance is 
the same in both cases. Actually some correction will 
be required, since a valve is not a true ohmic resistance 
but has a curved characteristic. Nyquist’s argument 
is based on the power absorbed, which, when a voltage 
V is applied to a resistance R, is equal to F 2 /B; bearing 
this in mind, we can find the relation between slope 
resistance R a (i.e. tangent to the characteristic) and the 
value of resistance R' effective for thermal noise in any 
particular shape of characteristic. For example, if the 
characteristic is 

i = «F3/2 . . ■ . . , (6) 

the power may be expressed as 


P = iV = ctF 5 / 2 .... (7) 

To find the additional power absorbed when a small 
extra voltage, e.g. a " noise ” voltage, is superimposed 
upon the mean applied voltage F, equation (7) is 
differentiated. Thus 


dP 

dV 


-aF 3 / 2 

2 


( 8 ) 


Now for a true ohmic resistance of value R' we have 

P = V^JR' 

dPjdV = 2V/R' .(9) 

We therefore adopt as the definition of the value R' of 
resistance effective for thermal noise in any circuit 
element, the expression derived from (9), 

IdP 

R ' = 2V ltv . (10) 

For the 3/2-power characteristic, therefore, we find from 
(8) and -(10) that 

2F 

~ (5/2)aF 3 / 2 ‘ ‘ ' ' ^ 

This is related to the slope resistance R a by writing 


1 di 3 m 

•=- = — == -a Ft 

R a dV 2 

■ • • (12) 

so that combining (11) and (12) we have 


R' = 674/5 . 

• • (13) 

Another important characteristic is the 5/2-power law:— 

i — aV 5 / 2 

. . (14) 

P = aF 7 / 2 . . . 

. . . (15) 

% = ' • • 
dV 2 

. . (16) 

R'~2v/ dP = 4: . 1 . 

I dV 7 aF 3 / 2 

. . (17) 


But l/R = -aF 3 / 2 

2 


Therefore 


R' 


10 


Rn 


(18) 


The third characteristic of practical interest is expo¬ 
nential :— 

.... (19) 
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1 + bV 


( 20 ) 

( 21 ) 


It will be noticed that in all these cases the value 
of R' is greater than R a , so that the thermal noise from 
a valve of slope resistance R a is slightly greater than 
from an ohmic resistance of value R a . Alternatively, if 
the temperature of the valve’s internal resistance is 
calculated from the observed noise voltage and the 
value of R a (in place of the correct value 72'), the tem¬ 
perature so deduced will be higher than the true tempera¬ 
ture by a factor such as 6/5 or 10/7. 


(5) “PURE SHOT NOISE” THEORY 

The next question is whether there is in addition to 
thermal noise a separate shot noise; the author believes 
there is not. Thermodynamic reasoning, as usual, indi¬ 
cates the overall relations between the valve, regarded 
as one unit, and the external circuit, without revealing 
the internal mechanism within the valve. The random 
arrival of electrons at the anode, in other words " shot 
noise,” is the expression of the fact that the electrons 
have a certain random component of velocity which 
represents the thermal agitation of the electrons, and 
must therefore be related to thermal noise. It will be 
shown later in this paper that a proper consideration 
of the temperature of the valve’s internal resistance 
makes it possible to unify these two aspects of the 
phenomenon. But, if so, what of the pure shot equation 
[equation (1) above] for which Moullin states that the 
sole condition for shot-noise power to be proportional 
to the magnitude of the mean anode current is that the 
arrivals of all electrons shall be random ? On this view, 
the noise does not depend upon the magnitudes of the 
random components of electron velocities, i.e. the tem¬ 
perature of the electrons, but only on the absolute 
independence of the events constituted by the arrivals 
of the several electrons at the anode; and the general 
statement made by some writers that the space-charge 
" smooths out the irregularities of the emitted current ” 
is unsatisfactory, since it can be shown that space-charge 
does not destroy the random nature of the electron 
emission from the virtual cathode. 

Moreover, a direct antithesis to the frequency-spectrum 
method employed in Moullin’s derivation of equation (1) 
is provided by the work of T. C. Fry.* Fry denies the 
existence of a frequency spectrum of shot noise, and 
states that “ If electrons have been emitted in a statis¬ 
tically steady stream for infinite time past, the proba¬ 
bility of the spectrum corresponding to this emission 
having any pre-assigned ordinate at any given frequency 

* See Reference (5). 
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is zero, and the probability that the ordinate exceeds 
any finite quantity, however large, is unity.” This 
claims to rule out any derivation in terms of a spectrum 
determined solely by the number of electrons emitted. 
But examination of the two papers (Fry’s and Moullin’s) 
reveals the critical point at which their analyses diverge 
to such opposite conclusions. Both authors find a 
Fourier integral representing the pulse produced by the 
passage of a single electron from cathode to anode, in 
which the shape of pulse does not affect those frequencies 
whose period is large compared with the time of transit 
of the electron, i.e. the frequencies which are of interest 
for normal radio work; they then proceed to sum the 
effect of a large number of electrons arriving in random 
phase, and the crux of the question is the length of 
period over which the summation is to extend. Fry 
sums over an infinite period, and hence finds that the 
resultant for any frequency is infinite, being the sum of an 
infinite number of vectors of equal magnitude but random 
phase. In corroboration of this result, Fry quotes Ein¬ 
stein’s equation for the Brownian motion as a parallel case 
where the sum of a number of vectors in random phase 
tends to an infinite resultant as the number of vectors 
tends to infinity. Moullin, on the contrary, sums over a 
finite period such that N electrons have passed, and quotes 
a statistical theorem that the sum of N equal vectors in 
random phase is equal to N* times the magnitude of each 
single constituent vector. The present author believes 
that the period of summation should be finite and related 
to the time-constant of the apparatus used to measure 
the noise voltages; the time-constant in question should 
probably be that of the first integrating element in the 
amplifying and measuring chain, the nature of which 
naturally depends upon the actual apparatus in use. 
This rules out Fry’s result, but does not thereby justify 
Moullin’s: it remains to be determined whether the 
period of the summation is in fact such that the statis¬ 
tical theorem which he quotes is applicable. 

There seems to be some doubt among statisticians as 
to the significance of any limiting value of a property 
of a collection of events which are unlimited in number. 
(See, for example, N. Campbell’s paper on “ The Statis¬ 
tical Theory of Errors,”* particularly pages 802 and 
803 of that paper.) The problem is, that if e is the 
deviation of the actual sum of a particular collection 
of N unit vectors in random phase, from the statistical 
value of Ni, how large must N be in order that the 
probability of exceeding a tolerable limit of error e 0 shall 
be less than a chosen small quantity 8 ? This is a 
complicated question, since it involves firstly the limit 
of error e 0 which can be tolerated, and secondly the 
probability 8 of exceeding this limit, which shall for 
practical purposes be regarded as zero probability. 
That N can be sufficiently large in atomic phenomena 
for the difference between actual and statistical values 
to be imperceptible is evidenced by the successful treat¬ 
ment of ordinary liquids and gases in bulk as continuous 
fluids. A recent paper by E. N. Rowlandf discusses 
the problem mathematically. Taldng the case of random 
distribution of events governed solely by a constant 
probability (this corresponds to what was rather loosely 
described as “ constant mean current ” in connection 

* See Reference (6). f Ibid., (7). 


with Fig. 1), and supposing observations to be made of 
the resultant effects of numbers of these events occurring 
in a series of limited intervals of time, the problem 
considered by Rowland is whether any meaning can be 
attached to the mean value of the resultant effect 
averaged over infinite time, and, if so, whether it can 
be related to the averages obtained over finite intervals 
of time. He concludes that, provided the intervals of 
observation are sufficiently long, we may take the mean 
value found in any single interval of observation as a 
reasonable physical estimate of the corresponding 
quantity averaged over all time. He does not, how¬ 
ever, give a criterion of the time which is sufficiently 
long, nor the corresponding tolerance of error implied 
by the term " reasonable physical estimate.” In the 
terms in which the problem was stated above, Rowland’s 
paper gives rigorous proof of the experimental deduction 
from the kinetic theory of fluids, that as N tends to 
infinity, e Q and 8 tend to zero; but it does not give the 
numerical relation between the three quantities for 
values of N other than infinity. The “ spectrum ” 
derivation of equation (1) is therefore left as of unknown 
quantitative accuracy but at least qualitatively correct;* 
it fails to explain the reduction of noise by space-charge, 
but it may be that this is due to a misunderstanding of 
the event constituting the unit vector under conditions 
of space-charge. 

(6) PHYSICAL CONSIDERATIONS 

As an introduction to an alternative method of calcu¬ 
lation, let us return to Fry’s paper, and adopt his 
definition that “ The Schroteffekt will be measured by 
the difference between the energy actually dissipated in 
the circuit and the energy that would be dissipated if 
the electron stream were a uniform flow of a continuous 
fluid.” By calculating the energy that would be dissi¬ 
pated in the attached circuit for a single electronic 
charge instantaneously transferred from cathode to 
anode of the valve, he deduces the expression 

W = vW 1 + W 0 . . . . (22) 

where W is the total energy dissipated in the circuit, 
W 0 the steady-current energy, v the number of electrons 
emitted, and W-± the mean over all electrons of the 
energy which would be dissipated in the anode circuit 
on the emission of a single electron. The noise energy 
is then vW v 

Before proceeding further, it is necessary to deal with 
the doubt, expressed by Fry, whether the disturbance, 
to the external circuit caused by the arrival of a single 
electron can obey the same laws as the disturbance due 
to a large charge; for example, how can the charge on 
a condenser decay exponentially if that charge consists 
only of a single indivisible electron ? This problem was 
also considered by Rowland, who calculated the shot 
noise in a circuit connected to a temperature-limited 
diode according to two different hypotheses: (a) the 
electrons arrive and depart suddenly from the anode, 
having a random distribution of length of life on the 

* This is, of course, assuming tlie validity of Rowland's analysis, which the 
present author is not competent to question. 



102 


BELL: A THEORY OF FLUCTUATION NOISE 


anode, subject only to the half-life constant being such 
as to give the correct mean value of current; or (b) the 
charge on the anode due to each electron decays expo¬ 
nentially, just as a charge consisting of numerous 
electrons would. He is surprised to find that it is 
hypothesis (b) which gives the result in accordance with 
the experimentally verified equation (1). But if one 
regards the electromagnetic field as the ultimate reality, 
as in Poynting’s theorem for example, this is a reason¬ 
able result. The quantum of electromagnetic energy of 
radio frequencies is so small that the electromagnetic 
field may here be regarded as continuous. The unit 
charge remains undivided, but the effective charge on 
the anode gradually decreases as the electron recedes 
from it. 

Returning to equation (22), let us consider the general 
conservation of energy in the system comprising the 
valve, anode circuit, d.c. anode supply source, and hot 
cathode. The d.c. anode supply is not likely to be the 
source of the noise energy, which is made up of alter¬ 
nating voltages; it might be argued that the random 
nature of the emission would modulate the steady anode 
current and thereby enable some of the energy supplied 
by the battery to be converted to a.c. energy, but .one 
would then expect the noise energy to be proportional 
to the energy in the steady current. This is not sup¬ 
ported by experiment, for the noise energy in a tem¬ 
perature-limited diode depends only on the anode current, 
and not on the anode voltage; it therefore seems reason¬ 
able to suppose that the energy supplied by the battery 
is always W, the same as would be expended if the 
current flow were uniform and continuous. The re¬ 
maining energy vW 1 involves the mean of a number of 
energies W v each of which is characteristic of some 
individual electron, not of the external circuit or applied 
voltages; and the most obvious form of energy which is 
peculiar to every particle of atomic dimensions is thermal 
energy. It is therefore a plausible hypothesis to suggest 
that vW t is the thermal energy of the electron stream 
constituting the anode current; it is therefore a function 
of the temperature of the virtual conductor (or resistance) 
within the valve. The shot-noise energy is therefore 
derived from the random component of kinetic energy 
(i.e. the thermal energy) of the electrons in the anode- 
current stream, which in turn is derived from the thermal 
energy of the cathode. Yet despite the obvious sugges¬ 
tion of a “ thermal ” energy in W v Fry finally deduces 
for the noise energy in a circuit attached to a valve an 
expression which is a function .only of current, and not 
of any value of energy associated with the electrons 
constituting the current. 

The reason is that he assumed the instantaneous 
passage of each electron from cathode to anode, whereas 
the only way in which the thermal-agitation energy of 
the electrons can make itself felt is in variation of the 
velocity of the electrons between the valve electrodes, 
a possibility which is excluded by the assumption of 
instantaneous transit, since this implies that all electrons 
alike have infinite velocity. 

As a purely qualitative example of the effect of transit 
velocity on the resultant energy expended in the circuit, 
consider Fig. 2, where 0 represents the capacitance 
between the anode and cathode of a valve, and the 


resistance B the external circuit. If now charge g is 
transferred from plate " a ” to plate " b ” of condenser C 
instantaneously, the energy introduced into C, and 
afterwards dissipated in B, is g 2 J(2C ). Now let the 
charge be transferred from “ a ” to " b ” over a finite 
time, according to the following rather artificial hypo¬ 
thesis. First a charge \q is transferred instantaneously, 
charging G to a potential q{{2C), then a current flows 
such as to maintain this potential difference across R 
until the remaining \q has passed. The energy asso¬ 
ciated with the initial instantaneous transfer of \q is 
q 2 l(8C), and will be dissipated at the end of the cycle of 
operations, when the condenser discharges from potential 
ql(2G) to zero. The current required in the second stage 


C 
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R 

Fig. 2 

is i = qJ(2CR) [since it is required to maintain a potential 
q/{2G) across the resistance R] so that the energy dissi¬ 
pated by this current is 

i 2 Rt = q 2 t}(4C 2 R) .... (23) 

where t is the time of current-flow and is given by 

t = g/(2f) = (g/2) (2 GR[q) = OR 

Therefore ^ = r/(4C) .... (24) 

The total energy in the cycle of operations is 
g 2 /(4(7) + q 2 /{8C) = 3g 2 /(SC), against q 2 j{2C) for instan¬ 
taneous transit. Thus the electronic velocity of transit 
should influence the energy dissipated in the external 
circuit, and the noise energy as calculated by Moullin 
and Fry on the assumption of instantaneous transit 
should be a maximum value. This appears to be in 
general accord with experimental evidence. 

It might at first be thought from the above that the 
reduction of noise in the presence of space charge is due 
to the increased time of transit of the electrons from 
cathode to anode; but this is not so, for the time of 
transit under normal working conditions is short— 
Moullin ( loc . cit.) quotes 10~ 9 second—so that the idea 
of instantaneous transit would be justified on this score. 
But there is another way of regarding the problem. 
For example) consider a hypothetical valve in which the 
electrons are emitted . regularly , and in such numbers 
that their periodicity corresponds to a frequency much 
higher than can be detected by radio apparatus; such a 
valve would give zero noise, however long or short the 
transit time of the electrons, for the regular wave-form 
could only produce frequencies above the range of the 
apparatus, whatever the shape of the constituent pulses 
of the wave-form. Next imagine a single gas molecule 
or similar body to be projected across the direction of 
the current flow, and stop one or two electrons by 
collision. The stoppage of these electrons will cause a 
minute pulse to be superimposed upon the steady 
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current-flow in the external circuit, i.e. will give rise to 
“ noise.” From this example we see that deviations of 
electron velocities from a mean value can cause noise, 
and we must therefore regard the velocities of the 
electrons in any space-charge-limited valve as made up 
of two components:— 

(a) All the electrons have an equal mean velocity, 
corresponding to the observed steady current, and if 
they had no other component of velocity the noise would 
be zero in a practical circuit. 

(b) Each electron has an individual random velocity 
of thermal energy, the magnitude of which controls the 
amount of noise arising in the circuit connected to the 
valve. 

Temperature-limited valves, on the other hand, and 
any valves whose electrode systems are such that they 
behave in a similar way, cannot conveniently be regarded 
from this point of view; for it will be realized from the 
investigation that follows that it is not possible to assign 
a temperature to the anode stream of a temperature- 
limited valve, and in the absence of space-charge there 
is no significance to be attached to the “ mean velocity ” 
shared by all electrons. 

(7) TEMPERATURE OF THE ANODE CURRENT 

STREAM 

Earlier in this paper it was stated that a valve which 
can behave as a resistance must for thermodynamic 
reasons be a source of noise energy of magnitude appro¬ 
priate to its resistance and temperature. But it was 
pointed out that corrections are necessary when the 
conducting path does not obey Ohm’s law, a caveat 
which applies very strongly, for example, to the tem¬ 
perature-limited diode whose " resistance ” is infinite 
but noise energy finite. It has now been suggested that 
the source of the noise energy is the random motion of 
the electrons during their flow from cathode to anode; 
this is practically identical with the mechanism of 
thermal noise in metallic conductors.* Since it is thus 
fair to regard fluctuation noise in a valve having a finite 
resistance as a thermal effect, it is necessary to find the 
effective temperature of the electrons constituting the 
valve’s anode current, i.e. the temperature of the valve’s 
resistance. 

" Temperature ” must first be defined. It is a 
statistical property of a collection of particles, propor¬ 
tional to the average kinetic energy of random motion 
possessed by the constituent particles. The term 
" random motion ” is intended to exclude the kinetic 
energy due to any velocity common to all the constituent 
particles. Thus a quantity of gas flowing through a 
pipe at high speed gains additional kinetic energy by 
its flow, but this does not constitute an increase of 
temperature, neither does the mean velocity of an 
electron stream from cathode to anode under the in¬ 
fluence of an external source of e.m.f. add to the tem¬ 
perature of the electrons. 

O. W. Richardsonf showed by thermodynamic reason- 

* The difference is that in a metallic conductor the electrons are in thermal 
equilibrium with the molecules of the conductor, so that their temperature 
can be measured by any normal thermometer; in parts of the space-charge, 
on the other hand, there is no thermal equilibrium between electrons and 
molecular matter, so their temperature must be calculated from their history 
since leaving a body having a measurable temperature (i, e. the cathode). 

f See Reference (8), 


ing that electrons emitted from and in equilibrium with 
a hot conductor have a Maxwellian distribution of 
velocities corresponding to the same temperature as the 
conductor; he also found this to be in agreement with 
experimental evidence. It appears that this hypothesis 
still stands, for Hume Rothery in his book (" The 
Metallic State,” pp. 142-3) states that “ within the 
limits of the experimental methods the electrons emitted 
from pure metals in a high vacuum have velocities in 
accordance with the Maxwell law. . . .” It seems 
certain that if any two systems are capable of exchanging 
thermal energy, they will in equilibrium be at the same 
temperature. Such exchange of energy is possible 
between a hot conductor and electrons surrounding it, 
by means of both emission and absorption of electrons 
and reflection at the surface of the conductor. 

In a thermionic valve working with a fair amount of 
space-charge limitation there will be a potential minimum 
at some point close to the cathode; all space-charge 
between this and the cathode has a free exchange with the 
cathode and is therefore at the same temperature. But 
the passage across the boundary line formed by the 
potential minimum is an irreversible process: any electron 
which passes this dividing line is inevitably swept across 
to the anode. There is therefore no thermal exchange 
between the cathode and the electrons between potential 
minimum and anode, and the temperature of these 
electrons might therefore differ from that of the cathode, 
and must now be calculated. 

From the point of view of noise voltage generated in 
the external circuit, we are concerned only with electron 
velocities in the direction of the cathode-anode current 
stream, and therefore take the components of electron 
velocity normal to the cathode. This component of the 
energy of an electron in the outer space-charge* is that 
with which it left the cathode, less the energy required to 
pass through the potential minimum, and electrons which 
are received at the anode are those whose initial velocity 
component normal to the cathode was greater than was 
necessary to pass the potential minimum. Richardson 
( loc . cit.) gives the law of distribution of velocities normal 
to the cathode as 

N u du = N . 2hmue~ Imu2 du . . . (25) 


where N u is the number of electrons out of a total N 
which have velocities between u and (u + du), and 
Ifh — 21cT. The mean energy of normal components 
averaged over all electrons leaving the cathode is thus 
lf(2h) = IcT. The kinetic energy associated with any 
group N u du of electrons is, from (25), 


W u = lmu 2 N u du = Nhm 2 u z e- limu "du . (26) 


Let u 0 he the velocity which is just sufficient to bring an 
electron to the potential minimum. Then those electrons 
which pass over to the anode had initially an aggregate 
energy W 0 given by 


W n = Nhm 2 


rU = oo 


u 3 e m 


-7mu°~du 


(27) 


%> u = u a 


* “ Outer space-charge ” is a convenient name for space-charge outside the 
potential minimum. 
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The number N 0 of electrons passing the barrier is 


obtained by integrating (25). Thus 


— CO 


N 0 = 2 JiNm ue~ hmu2 du . 

■ • (28) 

U — 


= Ne~ hmu t .... 

. . (29) 

Evaluation of the integral in (27) gives 


W Q ~ ^Nme~ hmu l {uq -j- l/(m/i)] 

. . (30) 

and on dividing (30) by (29) the mean initial 

energy of 


forward velocity of those electrons which ultimately pass 
the barrier is 

w o = ?r = l m [ u l + V{mh)] . . (31) 

xv o 

But each electron loses energy fynul in passing the 
potential minimum, since u 0 was defined as the critical 
velocity. Therefore the average energy W of the electrons 
when they reach the outer space charge is related to their 
average initial energy W Q by the equation 

W = W Q — .... (32) 

Substituting (31) in (32) now gives 

W = 1/(270 .(33) 

The mean kinetic energy of forward velocity of the 
electrons is therefore unchanged by passing through the 
potential minimum, remaining equal to IcT. But, con¬ 
sidering a metallic conductor as source of thermal noise, 
it is clear that treatment of an electron stream as a 
source of comparable thermal-agitation noise requires 
that the random velocities of the electrons shall be 
equally distributed both forward and backward along the 
direction of the current-flow. Again, referring to our 
definition of temperature, we are required to find a mean 
kinetic energy of random velocity, excluding any drift 
velocity common to all constituents of the system. We 
therefore regard the equivalent in volts of the mean of the 
emission velocities of the electrons as being added to the 
steady anode voltage, and the deviations from the mean as 
the source of thermal-agitation noise. If as an approxi¬ 
mation we assume the mean electron velocity to be equal 
to the mean-square velocity, this means that we simply 
halve the value of u in all the energy calculations, and 
divide by four the kinetic energies which depend upon u 2 . 

The new mean value of kinetic energy of random 
velocity along the chosen direction is then 7cT/4. But in 
a perfect gas the mean energy of a particle along any one 
of a set of three Cartesian axes is equal to the equi- 
partition value lcT[2; the electrons with mean random 
energy 7dT/4 have therefore an effective temperature T/2, 
one-half the cathode temperature. 

Actually the mean velocity in a Maxwellian distribution 
is \/[8/(3-7r)] times the root-mean-square velocity, so the 
mean velocity assumed in our approximation is in error 
by the difference between unity and 0 • 921, i.e. by 7 • 9 %. 
It might at first be thought that this would cause an 
ex or of nearly 16 % in the calculated temperature, since 
this depends upon the square of velocity; but actually it 


is a question of deducting velocity from one group of 
electrons and adding to another, so that the error depends 
upon a difference of squares only, and is small, provided 
the two squares are nearly equal, which is true in this case. 

We have thus shown that in a valve having a resistance 
which is finite and a function of space charge (i.e. a space- 
charge-limited valve) the total fluctuation noise is equal 
to the thermal-agitation noise in a corresponding resis¬ 
tance at a temperature of approximately half the cathode 
temperature, subject to the following corrections:— 

(1) In practical valves, end-effects cause a fraction of 
the current to be temperature-limited, and therefore 
probably more “ noisy.” It might be worth while to try 
experiments with guard rings, so as to use only the central 
part of the cathode where the current can be fully space- 
charge-limited. 

(2) The relation between slope resistance and effective 
resistance for thermal noise, must be taken into account. 
[See, for example, equations (13), (18), (21), which 
indicate that the effective resistance is normally greater 
than the slope resistance.] 

(3) Although the simple theory of thermionic emission 
has been well tested for pure metals, there is a slight 
possibility (though no actual evidence) that with complex 
emitting surfaces the space-charge adjacent to the cathode 
might have a temperature different from that of the 
cathode, though probably retaining a Maxwellian distri¬ 
bution of velocities. This can only occur if quantum 
effects prevent the free exchange of energy between the 
space-charge and the interior of the cathode. 

(8) MECHANISM OF THERMAL-AGITATION 
NOISE IN SOLID CONDUCTORS 

We have found that the fluctuation noise in a space- 
charge-limited valve may be represented as a thermal- 
agitation noise. Conversely, thermal-agitation xxoise in. 
a metallic conductor may be represented as “ shot noise ” 
within the crystal lattice of the material, and without 
space-charge limitation. 

Let us consider a conductor of length A l and sectional 
area A, having n 0 free electrons per unit volume, and 
subjected to a uniform longitudinal electric field of 
strength E. Within a solid conductor, collisions between 
electrons and molecules are extremely frequent, and the 
drift velocity acquired under an applied electric field is 
small compared with thermal-agitation velocity; we may 
therefore assume a fixed time of flight r between colli¬ 
sions, depending solely upon the distance between mole¬ 
cules and the temperature. Denoting the electronic 
charge and mass by e and m respectively, the mean drift 
velocity u is given by 

u = eErl{2m) .(34) 

From the definition of electric current as i — dQ/dt, it 
follows that if there is a small finite variation of charge 
AQ in a time A t, the average current flowing is 
l = AQ/At. If, further, the charge is transferred from 
one end to the other of a length A* (i.e. the current 
flows through a circuit of length As) during the time A t, 
we may write 

_ A AQ . Aar. 

= -g-A Q = uAQ . . (35) 
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since the ratio A^c/A t is the mean velocity. Now in the 
metallic conductor, A Q is equal to the product of the 
charge on an electron and the total number of electrons 
taking part, Ax may be replaced by AZ (provided the 
latter is taken small enough), and u is given by equation 
(34), so that 

lAl = (AAZn 0 e)[e^7r/(2m)] . . . (36) 


But the potential difference V between the ends of the 
conductor is the product jEJAI of field-strength and length, 
and the resistance B is the ratio of potential difference to 
current. Thus 


V _ EAl _ 2wAZ 

l {An Q e) [ eErj (2m)J An Q e 2 r 


(37) 


Comparing the solid-conductor problem with the shot- 
noise problem in a thermionic valve, we may say that 
equation (37) has related the mean current to the atomic 
mechanism, but it remains to determine the fluctuation 
noise due to the discrete nature of the mechanism. 
Provided that a current pulse is sufficiently short in dura¬ 
tion compared with the period of frequencies capable of 
being observed, it is possible to evaluate the observable 
components of the Fourier analysis of the pulse without 
knowing its shape. For example, in dealing with shot 
noise in a temperature-limited diode, Moullin and Ellis 
{lor., cit.) showed that, knowing only the integral charac¬ 
teristic of the pulse due to a single electron, JicZi — e, 

the components of radio frequency can be calculated. In 
our present problem of the solid conductor the unit pulse 
is not a current, but is of the form iAl, which will be 
termed a " current-element.” Combining expressions 
(34) and (35) for a single electron, and integrating over its 
time of flight, we have 


[iAl)dt 


eur 


(38) 


If, therefore, we replace e in the analysis of Moullin and 
Ellis by eur, the components of the Fourier analysis will 
represent components of iAl in place of i. The time of 
flight of an electron within a conductor is even shorter 
than the transit time through a valve, so that the assump¬ 
tion that the pulse is so short that its shape has negligible 
effect on the radio-frequency components is a fortiori 
applicable in this case. If 2 rrjp is the period of the 
Fourier series, assumed to be long compared with the 
duration of the pulse but short compared with radio 
frequencies, the pulse eur is found to be equivalent to a 
series of current-elements 


JJiAl — (e«Tp/7r)(-| + S cos npt) 

In the present problem, unlike the shot effect, u may be 
either positive or negative, so that the constant term 
(steady current) will vanish on summing over a large 
number of pulses; the noise current-elements are left as 

XiAl = (e | u | rpln)(Ei ± cos npt) . . (39) 

Since the time 2rrlp was taken to be very long, the order 
of harmonic n is high, and we may replace the summation 
by an integral. The resultant of the noise current- 
elements in a group of frequencies between n x and 
(rq -f- dn ) is then given by the equation 
Vol. 13. 


(iAl) dn — (e | u | rpjrr) 


= i%i ■+ dn 
dr cos npt.dn 
n=m 


Expressing this in terms of frequency, we have np 
dn — (2TTjp)df, 


(iAl)df —2eur 


{iAl) 2 df — 4e 2 u 2 r 2 


'/=/i 4- df 
rb cos 2Trft.df 
J f=fi 

rf=h + df 
cos 2 2 rrft.df 

/ = /i 


W, 

(40) 


= 2e 2 « 2 T 2 


f^fx + df 

(1 -f COS 47 Tft)df 


But on averaging over a considerable period we have 
■> 

cos 477 -ft ,df = 0. 

The mean-square value of the noise current-elements 
from a single pulse is therefore 

(?AZ)§/ = 2e % u?T 2 .dJ . . . (41) 

But if there are N electrons taking part, and each electron 
collides 1 /t times per second, i.e. makes 1/r separate 
journeys per second, there are altogether N/r randomly- 
phased pulses per second. Since they are in random 
phase we may add the squares of the random current- 
elements (this is assuming that the resultant of N random- 
phased vectors is Ni times the unit vector), so that the 
resultant of the noise current-elements in frequency band 
df has a mean-square value 


(lAZ)|f = 2Ne z u 2 r.df 

and I 2 = (2 Ne 2 u z r . df){{ AZ) 2 . . . (42) 

But if current 1 flows through resistance B the corre¬ 
sponding potential difference is, by definition of R, equal 
to IB; the mean-square noise voltage corresponding to 
(42) is therefore 

V% = Bfll f = (2EWw 2 t.cZ/)/(AZ) 2 . . (43) 

Using equation (37) to eliminate N, e, and r, 

Vfij — 2 R . 2mu 2 . df . . . . (44) 

It is clear that the only velocity which will contribute to 
the current between two points is the velocity along the 
direction of flow; in other words, u z is to be taken as the 
mean-square of the component of thermal-agitation 
velocity in one specified direction. But the equipartition 
value of the thermal energy contributed by velocity 
components in one given direction is Jmii 2 = \lcT for 
each particle. Equation (44) therefore becomes 

V% - IBkT.df .... (45) 

which is the well-known expression deduced thermo¬ 
dynamically by Nyquist. 

Whereas in Nyquist’s derivation the internal mech¬ 
anism was not involved, owing to the use of overall 

8 
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energy-exchanges, in the treatment given above the 
mechanism is exposed, but all factors peculiar to the 
material, namely the number of electrons taking part in 
conduction, time of flight, and mass and charge of the 
electron, have been eliminated in terms of the resistance 
and the function IcT. Equally with the thermodynamic 
proof, therefore, the derivation presented above indicates 
that the thermal-agitation noise is a function' only of 
ohmic resistance and temperature, and not of the struc¬ 
ture of the conductor involved. The thermionic valve 
is therefore included, so long as it has a determinable 
ohmic resistance and temperature. 

It is interesting to note that in Nyquist’s derivation 
there was no upper limit to the frequency to which the 
expression for noise energy was applicable; something in 
the nature of quantum restrictions was necessary to 
prevent the total energy from becoming infinite if the 
frequency range was extended to infinity instead of being 
confined to the radio band. In the derivation used 
above it is obvious that the expression ceases to be valid 
when the frequency has a period comparable with the 
time of flight of the electron within the conductor, for the 
Fourier analysis must then be modified and will depend 
upon the shape of the pulse. There is therefore seen to 
be a limit to the validity of the expression, though the 
limiting frequency will be somewhere in the region of heat 
radiation. 

(9) APPLICATION TO THE THERMIONIC VALVE 

The remaining difficulty is the transition from a 
temperature-limited to a space-charge-limited regime in 
a thermionic valve: we have yet to decide what con¬ 
stitutes the essential distinction between the two states. 
It would seem that the presence of a potential mi nim um, 
however small the barrier which it imposes, is one 
criterion; for, provided there is such a barrier, some 
electrons emitted will return to the cathode, and the 
space-charge adjacent to the cathode will be in thermal 
equilibrium with it. The initial temperature of the space- 
charge will then be fixed at the cathode temperature, 
and, as we found above, the effective temperature of the 
outer space-charge is about half that of the inner space- 
charge. The transition in any real valve will be gradual, 
owing to lack of uniformity both of the anode-to-cathode 
field along the length of the cathode and of the cathode 
temperature. 

Another criterion of the state in which the thermal- 
agitation treatment is applicable is that the field from the 
anode should terminate on space-charge, not on an actual 
metallic electrode. For if the field from the anode ends 
on a metallic electrode, the emergence of any electron 
from that electrode constitutes a disturbance; but if the 
field terminates on electrons, constituting space-charge, 
which are moving towards the anode with approximately 
uniform velocity, the presence of, electrons travelling at 
the exact mean velocity at every point does not create a 
disturbance; it is only the deviations from the mean 
which are effective. 

In a diode, but not in more complex valves, the two 
criteria are identical. As an example of the more com¬ 
plex valves, consider a screen-grid tetrode. In this the 
screen-anode space corresponds nearly to a temperature- 
limited diode with the screen as virtual cathode. Most of 


the anode field terminates on the screen wires, so that the 
injection of electrons into this space through the screen 
may be expected to produce a shot noise at the anode, 
of the magnitude predicted by equation (1). The same 
effect is to be expected to a less extent in triodes, depend¬ 
ing upon the closeness of the grid winding; this may 
explain the experimental results of F. C. Williams with 
an L.S.5 triode.* 


(10) TWO RESISTANCES IN PARALLEL 
Another point which is of importance for the com¬ 
parison of any theory of thermal noise with experimental 
results is the magnitude of the resultant fluctuation 
voltage from two resistances at different temperatures 
connected in parallel. Transferring equation (45) from 
voltage back to fluctuation current, which we saw was the 
fundamental phenomenon, we find that 

Ilf = . df 

where I 2 is the mean-square fluctuation current. But 
I 2 is made up of a very large number of random vectors, 
so that to combine two such currents, arising in resistances 
R x and i? 2 , we merely add their squares. Thus 

ll = If + I| = (4/cTj/i?! + 4My. <R 2 ) . df . (46) 

Equation (46) for the total fluctuation current flowing 
when two resistances R x and J? 2 at temperatures r L\ and T 0 
are connected in parallel reduces to 


T 2 


47c 


, -^ 2^1 


f I2/A 


R X R 2 


df 


. (47) 


But the resultant resistance of the two in parallel is 
i? 0 = R 1 R i f(R 1 -|- Rf). The noise voltage corresponding 
to the current given in equation (47) is therefore 


Vl 


■ a o 1 o 


A1 RMRoT, + RtTo) „ , v 

' • % ■ («) 


(B, 


This equation has been previously derived by Llewellyn.f 
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DISCUSSION BEFORE THE WIRELESS SECTION, 5TH JANUARY, 1938 


Mr. E. B. Moullin: In his discussion of Fig. 1 the 
author points out that the deviations from the mean 
increase with the current, even though the flow of 
electrons becomes relatively smoother. It is a basic 
theorem of statistics that, in circumstances such as those 
depicted in Fig. 1, the mean-square departure from the 
mean increases in direct proportion to the mean value. 
It is both well known and remarkable that this theorem, 
true in the limit of very large numbers, is substantially 
true when the number of events is quite small. This 
can be illustrated well by means of the diagrams in Fig. 1. 
Thus we find that the mean-square departures from the 
mean in Cases A and D of Fig. 1 are 1 • 3 and 0 • 6 respec¬ 
tively, if the baseline is taken as 20 units of time. There 
is no reason why we should take A, B, C, or D, in prefer¬ 
ence; and therefore the natural course is to take these 
possible chances of succession one after the other, and 
then the long-time mean of the mean-square fluctuation 
is 0-92. According to the statistical theorem I have 
mentioned, if we have 5 times the current the mean- 
square departure should be 5 times this amount, i.e. 4 • 6. 
We have a particular case of this in the sum curve of 
Fig. 1; and the mean-square departure is 6-3. Thus 
we should expect the value 4 • 6, whereas we get 6 • 3; 
but this is too rough an approach to be a fair test. 
There are 10 possible summation curves of Cases A to E 
taken in pairs, 10 more possible combinations taken three 
at a time, and 5 combinations taken four at a time. I 
have made the 10 possible additions two at a time, and 
find the mean-square deviation of these comes to 2 • 27. 
For the 5 possible combinations four at a time I find 
the mean-square deviation is 4-53. As an example, let 
us suppose that the mean-square deviation is propor¬ 
tional to the mean, and equal to 4 • 53 when the mean is 4. 
Then, when the mean current is 1, 2, 4, or 5 electrons (I 
have not worked out the figures for 3), the deviations 
should be 1 • 14, 2-27, 4-53, and 5-67 respectively.' The 
measured deviations for the sample curves given in 
Fig. 1 are in fact found to be 0-92, 2-27, 4-53, and 6-3. 
The agreement between these sets of values is fairly good, 
and the example serves to illustrate this important 
theorem. 

I feel that Nyquist’s theorem still requires to be 
stated more rigidly. In its present form it is certainly 
correct for all linear networks which do not include 
thermionic valves, but when such are included we still do 
not know how to apply it to give the correct result, 
though I consider the author’s method of obtaining the 
effective value of the internal resistance (page 100) is a 
notable step forward to this end. 

Section (5) begins by stating the author’s belief that 
shot and thermal effects are different aspects of the same 
general principle. I have always thought, and I think 
often stated, that until we had a general theorem which 


would include shot and thermal effects as special cases of 
one general principle, this very intricate noise problem 
would remain in an unsatisfactory state. In my opinion 
Section (8) of this paper is a real step towards this 
general' treatment, and is perhaps the most illuminating 
theoretical contribution to the whole subject which has 
been made in the last decade. I have often tried to 
obtain the thermal-agitation formula from the shot-effect 
principle, and have always failed dismally. 

Lately I was talking to Prof. Schottky in Berlin, and he 
told me he had derived a formula for the thermal-agita¬ 
tion principle from a shot-voltage mechanism. The proof 
has not yet been published, and I shall be interested to see 
whether it is the same as the present author’s derivation. 

From one point of view it lias always been difficult to 
understand why the passage of a steady current through a 
resistance did not increase the fluctuation voltage pro¬ 
duced by it. For if most methods of calculating the 
shot voltage produced by a temperature-limited thermi¬ 
onic current (for example, that which Mr. Ellis and 
I produced some years ago),* are examined critically, 
it is difficult to find any step in the argument which 
could not be applied to effects inside a conductor. I 
think the paradox has been resolved by the analysis of 
Section (8) of this paper: for this brings out clearly that 
the number of random events in the conductor are 
governed by the number of free electrons in it, and not by 
the average current passing through it. Such a current 
will not produce a first-order effect on the number of 
random events, and will possibly produce no effect at all. 

In spite of all the work that has been done, however, 
the background noise in an amplifier valve still cannot be 
calculated. In the last 6 months Prof. Schottky has pro¬ 
duced several long papers on the shot effect in space- 
charge-limited conditions. I have so far been unable to 
disentangle fully his basic idea from the analysis in which 
it is clothed. Schottky’s formula is appreciably better 
than the old classic expression of Llewellyn, but it is still 
in bad agreement with facts. 

On page 104 the author observes: ” In practical valves, 
end effects cause a fraction of the current to be tempera¬ 
ture-limited, and therefore probably more * noisy.’ It 
might be worth while to try experiments with guard 
rings, so as to use only the central part of the cathode 
where the current can be fully space-charge-limited.” 
That work has just been completed in Germany/] - but the 
results do not appear to approach the theoretical value of 
Schottky more closely than they would have done if no 
precautions had been taken. 

Dr. F. C. Williams : The author deals with this subject 
from the point of view of the physicist, whereas I have 
examined it experimentally. 

* Journal I. E.E., 1934, vol. 74, p. 323. 

t H. Jacoby and L. Kirchgessner: Wissenschaftliche Verofjentliclnmgen tins 
den Siemens-Werlten, 1937, vol. 10, p. 42. 
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I do not feel competent to question the validity of the 
author’s application of a thermodynamic principle to the 
problem of thermionic balance, but I see several diffi¬ 
culties in applications of this sort which have been made 
in the past. Thus Llewellyn considered a box containing 
a thermionic valve and a resistance uniformly heated to 
a temperature r sufficient to enable a copious emission 
of electrons to take place. On that hypothetical experi¬ 
ment he based his result that the noise in the valve must 
be a thermal noise and must be given by V 2 = 4plcrdf. 
Experiment persists in showing, however, that the rele¬ 
vant value of r would not be the temperature of the 
box but half this value. Thus there is either some 
flaw in Llewellyn’s original analysis or some factor which 
militates against the truth of such applications. Further, 
it may be noted that in this uniform-temperature box we 
apparently have a steady transfer of energy from the 
resistance to the valve, which is a contradiction of the 
thermodynamic law. If, now, a grid is introduced into 
the valve and a resistance connected between the grid 
and cathode, the fluctuations generated in the valve are 
vastly augmented, and there would probably be a trans¬ 
fer of energy from the valve to the resistance. My own 
experiments show that even if the resistance is not 
present but the grid is simply short-circuited to the 
cathode, the apparent temperature of the anode stream 
may be from 10r to 40r. Until these difficulties have 
been satisfactorily resolved, some doubt must attach to 
a thermal representation of valve fluctuations based on 
thermodynamic considerations. 

Thus if valve noise be interpreted in terms of thermal 
agitation, it is often necessary to assume an effective 
temperature very much higher than the melting point 
of the cathode material; further, the temperature is a 
function of the electrode structure and of the operating 
conditions. Such interpretation appears rather artificial, 
and has little to offer which counterbalances the enormous 
technological advantages of the shot interpretation. 

Mr. Moullin mentioned the work of Schottky in 
attempting a shot explanation of the fluctuations in 
space-charge-limited valves. Schottky has produced a 
curve calculated on that basis which Mr. Moullin says is 
little better than earlier attempts as regards its agreement 
with experiment. The curve is, however, not vastly out 
of agreement with some experimental results—the dis¬ 
crepancy being of the order of L 5 to 2. On the other 
hand, the only experimental verification of the thermal 
expression has been made either in the retarding-field 
region or very close to it, where the rf 2 discrepancy from 
Llewellyn’s original formula is found. It is interesting to 
note that this discrepancy can readily be explained in 
terms of pure shot theory. 

In conclusion, I may perhaps mention that the process 
used by the author in Section (10) to derive the fluctuation 
generated across two resistances in parallel was employed 
in one of my own papers* to deduce the fluctuation 
voltage generated by a space-charge-limited current 
traversing a resistance. It was noted then that the 
method could be applied to the analogous problem of two 
resistances in parallel. 

Mr. O. E. Keall: The published results of shot-noise 
investigations carried out in this country and also in 

* Journal I.E.E., 1936, vol. 79, pp. 352 and 354. 


Japan and Germany 2-3 years ago show a considerable 
discrepancy both in the temperature-limited region and 
also in the space-charge region, although the valves con¬ 
cerned had similar anode-current/heater-current charac¬ 
teristics. It would therefore seem that an experimental 
investigation of this subject on a much larger scale than 
has hitherto been conducted is desirable. Particularly is 
this the case because hitherto the investigations have 
been limited to consideration of one or two of the vari¬ 
ables in the valve only (either resistance or current). 
In spite of the elegance of the author’s analysis, I do not 
see how one can apply the formula he gives in the case of 
the valve with infinite resistance or even in the case 
of the valve with negative resistance, because experi¬ 
mental results indicate that there is no great difference 
between these cases and that of the valve with normal 
characteristic. 

Mr. W. H. Aldous: A theory of fluctuation noise 
should agree with practice over at least part of the range 
of the valve characteristic, and I do not think it can be 
said to be a complete theory until it agrees with practice 
over the retarding-field region, the normal working 
region, and the temperature-limited region. I do not 
know in which of these regions the author’s theory agrees 
with experiment. 

Dealing with Section (4), I do not see that Nyquist 
proves the universality of thermal-agitation noise by his 
treatment. He merely says that some source passes 
energy into a resistance outside itself. Now the second 
law of thermodynamics does not say what that emerging 
energy should be, and why one should assume it is 
thermal-agitation noise. The author proposes to use a 
value of resistance in the thermal-agitation formula dif¬ 
ferent from the valve slope resistance, which he derives 
fiom consideration of the power absorbed, given by 
P = V 2 JR'. For a characteristic of the form i == aV n 
this gives 

2 n 

~ n + l Ra 

If he had started instead with 


P = I 2 R" 

(which is actually the form used by Nyquist), and 
therefore 


R" = 


L dP 
21 dl 


a different value of effective resistance would have been 
obtained, namely 


R' 


n + 1 


■R n 


I think the idea that the power is produced in the valve 
itself is incorrect. It arises from the random transit 
of the electrons across the electrode space producing a 
fluctuating voltage across the load. Since the valve is 
in parallel with the load, a certain proportion of the 
power will be dissipated in the valve slope resistance, 
which therefore requires no modification. This is in 
accord with the experimental work of both Schottky and 
F. C. Williams, Who have shown that, in the retarding- 
field region represented by equation (19), the shot noise is 
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given accurately by equations (4) and (5). This can be 
seen to be true on general grounds, since in the retarding- 
field region there is no question of space-charge control, 
all electrons with initial energy greater than some mini¬ 
mum reaching the anode. These electrons will arrive 
randomly in time, and it is this randomness in time—not 
randomness in velocity—which gives rise to the shot 
voltage across the load. 

At the end of Section (7) the author tries to show that 
a deviation of velocity from the mean can cause noise; 
but I think he takes an unfortunate example. A few 
of the electrons are stopped "by positive ions, and this 
means that the steady rate of arrival of the electrons at 
the anode is altered, a condition which must give rise to 
shot noise. With regard to the author’s method of 
deriving the value r/2, since in the case he considers there 
are so many more electrons with low forward velocities 
than with high forward velocities, the deviations about 
the mean will not be randomly distributed. Therefore I 
feel very doubtful as to whether the mean value of kinetic 
energy of random distribution along the chosen direction 
can be taken to be 7cr/4. 

Finally, I should like to put forward a plea for the 
use of conductances rather than resistances in these 
fluctuation formulae, in view of the consequent simpli¬ 
fication of the mathematics. Thus equation (48), if 
extended to several conductances S v S 2 , . • • iS n in 
parallel a,t temperatures t v t 2 , . . . r n respectively, 
becomes simply 



F§ = 47c 



where each conductance is now associated with its own 
temperature. 

Dr. W. F. Rawlinson : I should like to ask the author 
a question in relation to the assumed or calculated tem¬ 
perature of the electron stream. Although the valve has 
been evacuated it must still contain a large number of 
molecules or atoms. Since the author derives for the 
electron-stream temperature a value which is about half 
the cathode temperature and which bears no relation to 
the anode temperature, and since his derivation depends 
on the equipartition theory, are we to assume that the 
residual gas between the anode and cathode is also at 
half the temperature of the cathode ? 

Considering a cathode which gives perfectly uniform 
emission and therefore no shot noise, and, according to 
the author, no thermal-agitation noise, will the electron 
stream be at absolute zero temperature; and, if so, what 
is the temperature of the residual gas ? 

Mr. H. D. McD. Ellis: The paper is a valuable 
contribution towards the solution of these fluctuation 
problems; seeing the elegance of the author’s treatment I 
regret that I was not trained as a physicist also. I am 
particularly struck by the way in which the author has 
cleared up some of the troubles with which Mr. Moullin 
and I were concerned when we were preparing our paper* 
about 5 years ago. For example, I am interested in his 
methods of obtaining the thermal-agitation voltages in 

* journal I.E.E., 193-1, vol. 74, p. 323. 


two resistances at different temperatures, and of deter¬ 
mining the effective anode impedance of a thermionic 
valve from power considerations. We obtained the 
correct solution to the first of these problems 5 years ago, 
but not, I fear, in so neat a fashion. 

Mr. W. S. Percival ( communicated ); On page 100 the 
author introduces a correction to, the slope resistance of 
a diode valve to take account of the curved characteristic 
for purposes of noise calculation. I am unable to follow 
the author's argument, but equation (21)* leads to a 
result opposed to well-known theory. If in this equation 
we make V negative and large compared with 1/6, i.e. 
if we work in the retardation region with a small current, 
so that we can neglect the space charge, then approxi¬ 
mately, R' — 2R (l . It has, however, been shown by F. C. 
Williamsf that this is the one condition in which the 
diode must behave as an apparent (slope) resistance at 
half the cathode temperature without any correction 
being necessary. 

A more satisfactory line of argument is to consider a 
choke placed in the anode circuit of the diode, the anode 
of which is connected via a condenser to a transmission 
line terminated by a resistance equal to the slope re¬ 
sistance R a of the diode. Under these conditions the 
noise power transferred from the resistance to the diode 
and hence from the diode to the resistance, depends, 
simply on the slope resistance of the diode and is inde¬ 
pendent of the curvature of the characteristic. If the 
diode could be at the same temperature throughout and 
there were no external source of energy, then Nyquist’s 
original argument^ would hold. In fact, however, the 
cathode of the diode is at one temperature, its anode is 
at another, and external energy is available from a 
battery. The original proof of Nyquist does not, there¬ 
fore, apply. 

On page 103 the author states “ There is therefore no 
thermal exchange between the cathode and the electrons 
between potential minimum and anode.” This cannot 
be true, however, since the electrons between the 
potential minimum and the anode form part of the space 
charge. Let us suppose that there is a certain rush of 
electrons past the space-charge minimum, then that 
portion of the space charge will be increased. The 
increased negative field will prevent some electrons which 
would otherwise pass the minimum from doing so. Some 
of these electrons will fall back into the cathode. Hence 
those electrons which have passed the potential minimum 
can still, indirectly, influence the cathode. It is true, as 
the author says, that no electrons which have passed this 
point can return. Their electric field is still effective, 
however, and can influence those electrons which are 
closer to the cathode. 

Prof. W. Schottky (Germany) ( communicated ): Con¬ 
trary to the “ relative temperature theory,” in which the 
electron stream is compared to a gas having a uniform 
velocity superimposed on the Maxwellian motions of the 
molecules, I consider that there is no moving co-ordinate 
system with respect to which the velocity distribution of 
the electrons has an effectively Maxwellian character: the 
indefinitely large velocities in a backward direction are 
missing. 

* The a in this formula appears to be a misprint [corrected for the Journal}. 

f Journal I.E.E., 1930, voi. 78, p. 326. 

} Physical Review, 1928, vol. 32, p. 110. 
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Our work shows that the rigorous treatment of the 
space-charge problem appears rather as a shot ehect 
which approaches the r/2 law when the current is suffi¬ 
ciently reduced by space charge. I have 
in a retarding field (without space charge) it ^ possible 
to find the " thermal complement ” of the cathode-to- 
anode electron stream, which would malm the whole 
system equivalent to a thermal one. I have not hov 
ever, succeeded in finding the " thermal complement 

for a space-charge current, ^»> 

An objection to the " relative temperature theory is 
that the rigorous theory, under ideal conditions,^ yields 
the value l-272r/2 for the apparent temperature. 1 hr 
departure from the t/ 2,law is large compare " 
which can arise from the insufficient consideration of 
mean drift velocity suggested towards the end of Sectio 

(7) i°hlve nothing to add to Section (8), which is more 
complete than my own work on this point, since i g 
the constant, 4.1c, correctly. But the following may 
interest. For the region of very high frequencies, 1L1 
calculated the frequency spectrum on the ^sumptiontlc 
all electrons have equal velocities m the direction 
cuixent under investigation, but that the leugths of tree 
path are distributed in a random manner Thiscan b 
compared to the flicker effect, by_considering that the 
mean impulse time of an electron m the conductor cor¬ 
responds to the mean life of an extraneous molecule in 
the flicker effect. One then calculates the energy which 
on 6 short-circuit is dissipated by this frequency spec rum 
in an ohmic resistance, and finds (except for a factor 
approximately equal to unity, of which canno ye 
certain), the value lcrjt where t is the mean impulse txme^ 
This result is very satisfactory, for it shows that the 
SSmal energy o7a degree of freedom in an electronic 
conductor will on the average be absorbed and 
as often as corresponds to the mean impulse time of 
electrons, irrespective of the number of electrons on the 

C0 Mr. Ot D.' A. Bell (in reply): Both Mr. MouUin and 
Mr. Aldous have doubts as to Nyqmst s theorem 
Undoubtedly, care is necessary in applying it, it was . 
tMs reason Y that a substantial part of the paper was 
devoted to discussion of the values of resistance and 
“ temperature ” to be used. I would go so far as to say, 
however, that the difficulty is not, as Mr. Moulhn suggests 
that we do not know how to apply Nyquist s theoiem to 
thermionic valves in general, but that (a) we cannot make 
a valve conforming to ideal laws, and (6) we have not yet 
seen how to modify the theory for valves which are only 

partially space-charge-limited. 

P MnciTconfusion seems to arise from the idea of some 
absolute distinction between different types of flu ^ 10n 
noise; thus Mr. Aldous states " Now the second law of 
thermodynamics does not say what that energy s ou * 
and why one should assume it is thermal agitation noise 
In my view there is one assumption, and one only, that is 
madin setting out Nyquist’s theorem; and that is hat J 
is possible to have two elements of an electric circuit 
which are connected by electrical conductors, butplated 
from each other so as to prevent the direct exchange o 


other forms of energy. I do not think this is any more 
unreasonable than the ideas used throughout classical 
thermodynamics, such a.s the perfect gas, perfect heat 
insulator, or perfectly-reversible heat engine. Given this 
assumption, when a space-charge-limited valve and a 
resistance are connected together, there must be energy 
transferred from the valve which is proportional to the 
temperature of the valve’s resistance, and surely such 
energy must be described as thermal-agitation energy, 
whatever the internal mechanism by which it is produced. 

YVith regard to the experiments of Prof. Schottky and 
his colleagues, which Mr. MouUin mentions as having full 
precautions in the way of guard-rings, is not the best 
criterion of achievement of the “ ideal ” s Y si ; e ™, t , e 
anode-current/anode-voltage law ? In Prof Sch °^ * 

diode one would expect a 3/2 power law, but the published 
curves seem to indicate a law nearer 1-3 than 1-6 for 
tube No. 6; tube No. 7 is sufficiently complex to have 

other difficulties. 

If Dr. Williams is not prepared to discuss my analysis, 
it is doubtful whether there is much value in replying to 
his obj ections to Llewellyn’s work. As will be seen from 
a study of Section (7) of the paper, I believe the resistance 
of the valve must be at a temperature different from that 
of the cathode, so the idea of a uniform-temperature 
enclosure including the whole of a valve is. ruled out 
The same section gives the basis for my belief that there is 
real significance in a modified T {2 law for a space-charge- 
limited valve. In the case of the tnode amphfying 
valve, with a resistance connected between grid and fil - 
meat, I see no reason to depart from the normal theory 
of the amplifying valve, in which the output a.c. power is 
derived fcomtiJsouroe of steady anode potential even if 
that source be only the mean initial veloatyj* ™^ 
the electrons a.re emitted from the cathode. As explained 
“end of Section (9) of the paper, I do not colder 
Dr Williams’s results with grid short-circuited to cathode 

toWhlmpatiMe with my theory. The shot interpret 
tion is only applied to space-charge-limited v ^ s ^ 
addition of an arbitrary correction factor (or smooth n g 
factor”) which Dr. Williams denotes by A, until tins 

factor L been given a rational * 

regarded as having any place m a scientific theory, o 
usld (other than empirically) as an aid to the design 

apparatus t ement ^ ^ the retar ding-field region the 

T/2 law can be readily explained in terms of pure shot 
theory Dr Williams is presumably referring to a paper 
?n wHch he examined this, question * I regret that I 

cannot accept his treatment as exact, Ve>>lcT 

useful approximation. For he assumes that 7e>>KT> 

f-work 0 £££ oi - — «■« 

values given by Benjamin, Cosgrave, and Warren m 
decent pTper, t I have prepared the figures m Table A , 

f °Thus°for arf oxide-coated cathode (which was the type 
, Jd bv Dr Williams for the retardiug-field experiment) 

7ifabout *1(Mtimes TcT, but 7. 
at the extreme limit of the range (V 


* Wissenschaftliche Veroffentlkhun^n mis den Siemens-Werken, 1037, vol. U, 


* Journal I,E.E., 1936, vol. 78, P- 320. 
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does not seem to justify the approximations adopted 
for the whole range 0 to - 0 • 5 volt. I do not think the 
thermal theory has previously been set out in sufficient 
detail for application to practical valves [see Section (3) of 
the paper on previous versions of the thermal theory]. 

I should like to support Mr. Keall’s suggestion for more 
comprehensive experimental work, particularly as I 
personally have no facilities for experiment and must 
rely upon the published results of others to verify my 
hypotheses. 

All valves which have an infinite resistance are, in my 
opinion, operating under conditions which correspond to 
temperature-limitation, whatever may be the space- 
charge distribution at some point remote from the anode; 
the “ pure shot noise ” formulae are therefore applicable 

to such valves. 

Mr. Aldous mentions three regions of the valve charac¬ 
teristic, but I think we must in practice make four 

divisions:— _ . 

(i) The temperature-limited region. I have not modi¬ 
fied the “pure shot noise” formulae, which I believe are 
the complete solution of this case. 


according to factors of the type E-jB. I have already 
dealt with the shot-noise interpretation of the retarding- 
field region, and the reason for describing the component 
of noise which is proportional to the resistance and 
temperature of the valve as thermal noise, whatever the 
mechanism. In saying that the slope resistance requires 
no modification, it would have been more helpful had Air. 
Aldous mentioned which of equations (6) to (10) of the 
paper he considers to be in error. 

In Section (7) of the paper, it will be seen that the 
mean energy IcT/i was found by integrating the energy 
over all electrons present and dividing by the total 
number present; it therefore implicitly takes into account 
the actual law of distribution of velocities, which is 
admittedly not Maxwellian. 

I would willingly endorse the use of conductances 
rather than resistances, but when comparisons with pre¬ 
vious work are involved this might cause difficulty to the 
reader. 

The solution of Dr. Rawlinson’s intriguing problem is to 
be found in the conditions necessary for equipartition to 
occur. The only application of equipartition in the paper 
is to the energies of the electrons in the immediate neigh- 


Table A 


Cathode material 


W 

W-Th 

W-O-Cs 


Operating 

temperature 

Worl<- 

function 

°Iv. 

electron-volts 

2 500 

4-52 

1. 900 

2-77 

810 

0-7 

1 040 to 1 100 

0-95 


volts 

0-214 

0-163 

0-069 

0-089 to0-094 


(ii) The region in which the current is partially but not 
completely space-charge-limited. This is the practical 
working condition in amplifying valves, and there is no 
theory which has been shown to be m agreement with 
experiment over this region. But the. theory given m 
this paper can be extended to give some idea °f ^ mrxed 
case; this work is in hand and will be published m due 

(iii) Completely space-charge-limited re a ion. 
values of noise calculated by my theory are m close 
agreement with those predicted by Prof Schottky. 

far as I am aware, this state has never been accur ^b 
realized experimentally; but the results of measurements 
made by Prof. Schottky’s colleagues are in model ate 
agreement with the theoretical limiting value. 

(iv) Retarding-field region. For the reasons given 
above, in reply to Dr. Williams, I do not regard the 
retarding field region as susceptible to such simp 

analysis as is sometimes suggested. _ 

I agree that a different effective resistance would have 
been obtained by considering I R m place of E / , 
believe the latter is correct. Any resistance mu 
practice be shunted by a capacitance, even if only its ow 
self-capacitance; the fluctuation curren en & 
this capacitance to a corresponding potential and ffifi 
capacitance then discharges through all circuit elemen 
which may be connected in paralle across i . 
energies dissipated in each are therefore distributed 


bourhood of the cathode, where the free path is likely to 
be of short duration since the density is very high. 
Beyond the potential barrier, which is the region where 
the temperature was stated to be 272, no such equiparti¬ 
tion is assumed, and in fact it is improbable that there are 
sufficient collisions between electrons and molecules, com¬ 
pared with the rate of energy exchange due to collisions 
between gas molecules and the envelope of the valve, to 
establish equipartition between the residual gas and the 
electron stream. In the extreme case of uniform emis¬ 
sion, the electron stream would be initially at zero 
temperature, but would be heated by the residual gas in 
so far as there were collisions to give a tendency towards 
equipartition. 

I am indebted to Mr. Percival for pointing out the 
error in equation (21) in the proof copies of the paper; 
this has now been corrected. In the retarding field 
region, if 1/6 = V, then R' = R (for evidence that this is 
not remote from the practical case, see my reply to Dr. 
Williams on this subject). The argument that electrons 
near the anode can influence subsequent emission does 
not destroy the fact that they are not themselves m 
thermal equilibrium with those near the cathode. 

In reply to Prof. Schottky, I have not found it neces¬ 
sary to assume a Maxwellian distribution of velocities m 
the outer space-charge (see my reply to Mr. Aldous). 
According to equation (IS) of the paper, my theory may 
be said to give an equivalent temperature of 1 -27- 
(not 272) for a valve of 3/2 power law sincemy expression 
is 172 J 4(1 -2^272, against Prof. Schottky s 1‘ - ‘- T I~ - 
I think the residual difference of 6 % could be due to e 

approximation madeJ? the fluctuation noise 

fheorv of the simpler cases prepares the ground foi 
treatment of the more Tmaterial 
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SUMMARY 

This paper describes a form of alternating-current resonance 
bridge suitable for measuring circuit resistances up to 30 ohms 
at frequencies up to 0 - 5 megacycle per sec. and up to 10 ohms 
at frequencies up to 10 megacycles per sec. The complete 
theory of the bridge and analysis of the errors is given, together 
with an account of a series of special check measurements 
designed to reveal the accuracy actually obtainable. The 
limit of error appears to be in the neighbourhood of 0-01 ohm 
for resistances up to 10 ohms at frequencies up to 10 megacycles 
per sec. 
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(1) PRINCIPLES 

The principle of the resonance bridge, which is well 
known, is shown in Fig. 1. 

Three of the arms of the bridge—Rj, R c , and R 4 —are 
resistances. The other arm—C, L, R, and R 3 —which 
contains the circuit under test, is tuned to resonance and 
so behaves also as a pure resistance. The bridge is thus 
entirely resistive and the conditions of balance are 

LCu) 2 =1 ...... (la) 

“ ^ 2(^3 *b -S) . . . . (16) 

% 

(2) REARRANGEMENT FOR USE AT HIGH 
FREQUENCY 

At high frequencies the above conditions are modified 
by the presence of residual capacitances and inductances, 
and by the difficulty of constructing satisfactory variable 
resistances. In the present bridge the effects of residuals 
have been reduced by making the resistance arms in the 


form of fine wires mounted axially in screening tubes, 
and the difficulty with respect to the variable resistance 
is overcome by the use of a screened straight wire and 
sliding contact as shown in Figs. 2, 3, and 4. A Wagner 
earth is used which brings the sliding contact / to the 
potential of the screen. Neither its capacitance to earth 
nor the resistance of the contact affects the results under 
these conditions. 

The ratio arms R-j and R 2 are made in the form of a 
single wire mounted in a screening tube, with a soldered 
connection to the exact mid-point at b. 

Still neglecting residuals, the conditions of balance 
become:— » 

LCco 1 2 =1.(2a) 

R = = 2ps . . (26) 

where p is the resistivity of the slide-wire and s is the 


b 



distance of the contact from the mid-point of the slide- 
wire. The maximum resistance which can be measured 
is thus equal to the slide-wire resistance, and is in this 
case approximately 10 ohms. The range of resistance 
measurement with this bridge can be extended to 30 ohms 
at frequencies below 0-5 Me./sec. by inserting an extra 
length of wire in the arm fc. This operation is not 
practicable at higher frequencies owing to the terminal 
capacitances at intermediate points in the arm. 

(3) CONSTRUCTIONAL DETAILS 

A complete circuit diagram of the bridge, Wagner 
earth, and circuit under test, is given in Fig. 2. A 
diagrammatic plan showing the actual construction is 
given in Fig. 3. 

The apparatus consists of three cylindrical brass tubes 
4 cm. diameter and 65—70 cm. long, and a rectangular 
copper box 80 cm. long and 9 cm. x 6 cm. cross-section. 
There are also smaller copper boxes at the ends, the whole 


* Reprinted from Journal I.E.E., 1938, vol. 82, p. 687. 
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being soldered together to form the screening system of The long copper box is divided longitudinally into three 
the bridge. The points a, b, c, d, /, on the bridge are compartments as shown diagrammatically in Fig. 4. In 
exposed terminals, and the point e of Fig. 2 is the screen the middle compartment is the slide-wire, consisting of 



Fig. 2 


itself. The terminals are insulated with mycalex and No. 36 S.W.G. eureka wire equal in length to the ratio 
have earth-capacitances of 4-5 p,p,F each. arms. In the upper and lower compartments is the 

The ratio arms ab and be consist of a single length of variable-length connection between the terminal and the 
No. 36 S.W.G. eureka wire mounted axially in the outer moving contact on the slide-wire /. A steel tape is 



Fig. 3 


screening tube. The extra resistance used for extending arranged to run around the inside of the upper com- 
the range of the bridge at low frequencies consists of two partment, closing the longitudinal slot between the upper 
lengths of No. 36 S.W.G, eureka wire mounted in the and middle compartments throughout the whole of its 
two inner screening tubes. The ends of these wires are length except for a small insulating bush through which 



connected in the small copper box remote from c. The the connection to the contact passes. The steel tape runs 
small copper box at the end c houses a system of three over pulleys and is operated by an external handle, 
plug contacts by means of which the extra resistance can graduations on the tape being used to determine the 
be either inserted in, or removed from, the bridge arm fc. position of the sliding contact. Glass rollers situated on 
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either side of the contact wire and carried with it serve 
to bend the eureka wire slightly and so maintain the two 
wires in contact. 

The eureka slide-wire is attached to its terminals in 
the manner shown in Fig. 4. The spring serves to 
maintain the wire taut under all conditions, and the 
ring of thin copper strip provides a low-impedance path 
for the current. 

The Wagner earth system consists of fixed and vari¬ 
able condensers and resistances connected in parallel 
between the terminals a and c and the nearest points 
on the screen. The fixed condensers and resistances 
are arranged to plug in, and are required in values of 
100-500 jtx/xF and 1-20 O. Of these, the fixed condensers 
are mica-dielectric condensers of 2 cm. maximum dimen¬ 
sions and possess negligible self-inductance—an essential 
point since all possibilities of resonance must be avoided. 
The fixed resistances are carbon-bakelite composition 
resistances of similar dimensions, also possessing negligible 
self-inductance. The variable condenser is a small air 
condenser having a maximum capacitance of 100 jx/xF 
and completely screened. The variable resistance is a 
standard volume control possessing a metallic-film re¬ 
sistance element and having a maximum resistance of 

200 Cl. 

(4) ADDITIONAL APPARATUS 

The additional apparatus required is an oscillator, a 
detector, and coupling transformers. The construction of 
the transformers is dependent upon the frequency range 
in use but is always so arranged that the primary and 
secondary impedances are approximately matched and 
the primary and secondary turns are electrostatically 
screened from each other. The connections between the 
bridge and the transformers are made with screened leads 
of equal length and cross-section. 

The oscillator is of the ordinary push-pull type and is 
fed entirely by batteries. The oscillator, batteries, and 
transformer are enclosed within a copper box and form a 
unit which is completely screened from the rest of the 
apparatus. The copper box is itself enclosed within an 
aluminium screen. 

The detector is of the simple heterodyne type and is fed 
from the mains. It consists of a push-pull, screen-grid, 
high-frequency amplifying stage; a heterodyne oscillator ; 
a rectifier stage; and a stage of low-frequency ampli¬ 
fication. The whole is enclosed within a partitioned 
aluminium screen. 

It is important that there should be no direct coupling 
between the oscillator and the detector. The elimina¬ 
tion of all such coupling is easily proved by disconnecting 
the bridge from the oscillator and detector leads, when no 
signal from the oscillator should be receivable. With the 
arrangement of multiple screening described above, no 
direct coupling is, in fact, detectable at any frequency 
rrp to 10 Mc./sec. 

(5) WAGNER EARTH SYSTEM 

The bridge is not connected directly to earth at any 
point, but when it is balanced the points b and / are 
exactly at earth potential; Earth capacitances at these 
points can therefore be neglected. This is essential, since 
the earth capacitance at / depends upon the adjustment 


of the slide-wire contact. The earth capacitances at a 
and c are in parallel with the Wagner-earth condensers 
C[ and Cg, and form no part of the bridge circuit. The 
Wagner-earth system thus eliminates the effects of the 
earth capacitances at the points a, b, c, /. 

The only earth capacitances remaining are the dis¬ 
tributed capacitances of the wires and the capacitance at 
d. The maximum frequency at which the bridge is in¬ 
tended to be operated is 10 Mc./sec., corresponding to a 
minimum wavelength of 30 metres. The minimum half- 
wavelength, 15 m., is thus great in comparison with the 
length of either the ratio arms or the slide-wire, and con¬ 
sequently the distributed capacitances of the wires 'can 
be regarded as being concentrated at the ends, where 
they are merely parts of the earth capacitances at the 
points a, b, c, /, and d. 

The effect of the total earth capacitance at the .point d 
cannot be eliminated from the bridge. Therefore, either 
it must be made very small or a correction must be 
applied for it. 



Fig. 5 


(6) COMPLETE THEORY OF BRIDGE AND 
WAGNER EARTH 

Fig. 5 is a complete circuit diagram of the bridge and 
Wagner earth, including the earth capacitance at the 
point d. The symbols Z v i? 2 , Z z , Z 4 , Z{, Z'^, Z ", Z repre¬ 
sent the complex values of the impedances constituting 
the network, whilst a, j8, y, S represent the complex values 
of the currents in the network. 

A balance occurs when the points e, b, and / are at the 
same potential. Since the two ratio arms are made equal, 
Z 2 = Z v Therefore, 


Zjoc - z[y . . . . 

. . (3a) 

= Zj8 + Z 3 (j8 - 8) . 

• • (86) 

Z x a = ZB + . . 

. . (3c) 

z x ol = z' 2 (y + 8) ■ • 

. . (3 d) 

z-jtx. — z^fi — S) v . . 

■ • (3c) 

Eliminating Z v a, (3,, Y, and 8, 


1 1 „ Z 3 

r/' r/> V r//t 

"2 Ai 

. . (4a) 

7 ^4-^3 

i+A ' 

^ Z" 

• • (46) 
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When separated into real and imaginary parts, equations 
(4 a) and (46) become:— 


J1 1 

*2 b[ ~ ~ R i + ^ 


Co-- 


■cA 


(i? 3 J? 4 - 


-L S I\ca*)C" 


I? 2 - 

xx 4 


-L'jficr 

4 


(5a) 

(5b) 


p - ^ 3 + 

(1 -\-R'?p"-oo i 

1 (L 4 o> -£»<*>) (1 -L z C"us*) - (fl 4 -_R 3 ) Z? 3 C"m 

(1 -i 3 C ,// ai 3 ) 2 +if|C^w a 


( 6 «) 


( 66 ) 


It will be seen that equations (5a) and (56) represent the 
conditions of balance for the Wagner earth, whilst equa¬ 
tions (6a) and (6b) represent the conditions of balance for 
the bridge. The equations (5a) to (66) are greatly simpli¬ 
fied if it is permissible to assume that the inductance and 
resistance of the end connections are relatively small 
compared with those of the wires and that, in addition, 
the ratio of the resistance to the inductance of the end 


The bridge balance is represented by equations (9a) and 
(96) with a maximum error of 1 part in 2 000. Inspec¬ 
tion of equations (7a) and (76) shows that the adjustment 
of the Wagner earth is dependent upon the slide-wire 
adjustment. 

(7) CALIBRATION 

The bridge was calibrated with direct current by con¬ 
necting a standard variable resistance between the 
terminals a and d. 

(8) CORRECTIONS 

For resistance measurements having an accuracy of the 
order of 2 %, it is possible to use directly the d.c. calibra¬ 
tion of the bridge. When more accurate measurements 
are to be made, it is necessary to apply a correction for 
skin effect in the slide-wire. The values of the correction 
in the case of the present bridge are given in Table 1, 
where Rjy.c. is the test-circuit resistance as determined 
from the bridge balance and the d.c. calibration and Rp 
is the test-circuit resistance after correction for skin effect 
in the slide-wire. 


Table 1 
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0 ■ 70 

l • 30 

2-00 
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connections does not differ greatly from that of the wires. 
Under these conditions, 
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Equations (5a), (56), (6a), and (66) therefore reduce to:- 
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(76) 
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In the case of the present bridge with a value of C" of 
40 /x/xF, the maximum values of the terms R^p" 2 oo 2 and 
RiC"JLo are respectively 0-00015 and 0-0003, and may 
be neglected in comparison with unity. Equations (8a) 
and (86) thus become:— 


R 


JR A - JR 


Leo 


(1 - L 2 p"oo i f ‘ 

JL = ( L 4 ~ h)™ 

C(o 1 - L 0 C"oo 2 


(9a) 

(96) 


Where the effect of the capacitance C" is appreciable, 
it is necessary to use the relations (9a) and (96). These 
may be rewritten:— 


Rp — R 


Loo -:— = 




(1 - VJ'W) 2 


OOfllipXJ. 


Coo 1 - LJR'oo 2 


(10a) 

(106) 


where fa represents the ratio of inductance to d.c. re¬ 
sistance in the slide-wire. For the present bridge the 
value of /x is 0-068 faB. per ohm, and the value of L z 
is given (in fa IT) by 


X 3 = 0-354 — 0 • 034J?2).c. 


(9) HIGH-FREQUENCY OPERATION 

The cix-cuit under test should be connected across the 
terminals a and d on the bridge in such a way that the 
part of the circuit possessing the greatest earth capaci¬ 
tance is connected to the point a. The earth capacitance 
at d should be as low as possible. 

The bridge and Wagner earth require four adjustments 
for balancing. They are (i) the adjustment of the 
Wagner-earth variable resistance R%, (ii) the adjustment 
of the Wagner-earth variable capacitance Cg, (iii) the 
adjustment of the slide-wire contact, and (iv) the adjust¬ 
ment of the variable reactance in the test circuit. Of 
these, (i) is independent, but (ii), (iii), and (iv) are inter¬ 
dependent. Adjustment (ii) has, however, only a small 
effect on (iii) and (iv). The final adjustment is indicated 
by a minimum of sound in the telephone, but if the 




116 


FORTESCUE AND MOLE: A RESONANCE BRIDGE FOR USE AT 


adjustment of the slide-wire contact is not near its correct 
value then the reactance adjustment (iv) should be to a 
maximum instead of a minimum, since it is then a form 
of resonance adjustment. It is possible to obtain a 
perfect balance of both bridge and Wagner earth over the 
whole range of frequency for which they are intended to 
be used, i.e. from 0 to 10 Me./sec. 

(10) HIGH-FREQUENCY TEST CIRCUIT 

A circuit employed for testing the accuracy of the 
bridge over the frequency range 1-10 Me./sec. is shown in 
Fig. 6. It consisted of a standard, variable, air con¬ 
denser, a doubly-screened coil, and a doubly-screened 
resistance unit. The air condenser was one of two, 
possessing maximum capacitances of 1 200 /x/xF and 
200 /x/xF and having very low power factors. The coils 
were available in values ranging from 0 ■ 5 /xH to 50 /xH. 

The resistance took the form of a three-terminal, 
screened, plug-in holder arranged to take one of two 
resistance units. These two units consisted of equal 
15-5-cm. lengths of No. 40 S.W.G. copper and eureka 
wires of uniform and equal diameters, mounted in similar 
brass screening tubes. The two units thus possessed 
equal self-inductance and self-capacitance but differed in 
resistance. Substitution of one unit for the other, there¬ 
fore, would produce a resistance-change in the test circuit 


A 

o- 


5F 1 


1 




J L 


■A/WW^ 


a 

-o 




Fig. 6 


but would not in itself change the reactance of the circuit. 
The readjustment of the slide-wire contact necessitated 
by the resistance-change would, however, require to be 
balanced by a capacitance-change in the test condenser. 
In order to ensure that this capacitance-change would not 
have associated with it an extra, small, resistance-change, 
it was necessary that the power factors of both the con¬ 
denser and the capacitance between the inner and outer 
coil screens should be low. 

The direct-current resistances of the units, R^.e.< were 
measured with the bridge itself, using a current of only 
5 mA in order to avoid thermal resistance-change in the 
copper unit. A current of the same order of magnitude 
was employed in the high-frequency tests. 

In order to determine the effective resistances, R e> of 
the units it was necessary to apply corrections for (i) skin 
effect (giving Rf) and (ii) the effect of the self-inductance l 
and self-capacitance c of the units. The latter correction 
was given by 

P E f 

6 ~ (I - (cm 2 ) 2 

Other residuals in the circuit were treated as follows : 
The capacitance between the inner and outer resistance- 
unit screens merely added to the existing earth capaci¬ 
tance C" at d and could be taken into account by using 
the exact bridge-balance relations (10a) and (105). The 
connection between the coil and the resistance unit was 
made so short that any residual associated with it could 


be neglected. The capacitance between the inner and 
outer coil screens merely added to the condenser 
capacitance. The earth capacitances of the outer coil 
screen and of the condenser screen formed part of the 
Wagner earth circuit and so did not affect the bridge. 

(11) RESULTS OF HIGH-FREQUENCY TESTS 

The bridge was tested over a frequency range of 
1-10 Mc./sec. using the test circuit described above. The 
effective high-frequency resistance of the test circuit was 
measured with the copper resistance unit and again with 
the eureka resistance unit. The difference gave the dif¬ 
ference between the effective high-frequency resistances 


Table 2 



Test 

coil 

Resistance difference (Eureka — Cu) 

Percentage 

error 

Frequency 

Test 

resistance 

value 

Bridge 

value 

Error 

Mc./sec. 

1-30 

A 

O 

6- 30 7 

n 

6-31 9 

O 

+0-01 2 

+ 0-2 


a 

6- 30 7 

6-27 2 

- 0 • 03 5 

- 0-5 


a 2 

6 - 30 7 

6-29 8 

- 0-00 9 

- 0-1 

2-00 

a 

6- 30 3 

6-30 2 

- o-oo 1 

- 0-0 


a 2 

6-30 3 

6-28 0 

- 0-02 3 

- 0-4 

3-00 

a 0 

6-29 3 

6-28 7 

- 0-00 G 

- 0-1 


7t 

6-29 3 

6-28 g 

- o-oo 5 

- 0-1 

5-00 

7t 

6-27 1 

6-23 9 

- 0-03„ 

- 0-5 


4t 

6 - 21 1 

6-27 9 

+ 0-00g 

+ 0-1 

7-50 

7t 

6-25 3 

6-24 9 

- 0-00 4 

-0-1 


4t 

6-25 3 

6'27 g 

+ 0-02g 

+ 0-4 


2t 

6-25 3 

6-27o 

o 

+ 0-02 0 

+ 0-3 

10-00 

4t 

6-25 s 

6- 22 7 

- 0-02 g 

- 0-4 


2t 

6-25 5 

6-27 e 

+ 0-02 1 

+ 0-3 


of the two units and could be compared with the known 
value of this difference as determined by direct-current 
measurement and correction. The results of the tests 
are given in Table 2. 

It will be seen that the mean error in the measurement 
of a resistance of 6-30 is 0-01 6 Q, or 0-25 %. Since this 
represents the sum of the errors in two measurements, it 
can be said that the bridge is capable of measuring resist¬ 
ances of 0-lOQ over the frequency range 1-10 Mc./sec. 
with a probable error of ± 0-OlQ. It appears from 
Table 2 that the errors are randomly distributed over the 
frequency range. The accuracy of the bridge does not, 
therefore, appear to diminish with increasing frequency. 

(12) USE OF BRIDGE 

The bridge can be used for obtaining accurate com¬ 
parisons of the resistance and reactance of any circuit at 
frequencies up to 10 Mc./sec., providing (i) the equivalent 
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series resistance does not exceed 10O (30£J for frequencies 
below 0 • 5 Me./sec.), (ii) the reactance is finely adjustable to 
resonance, and (iii) the circuit does not possess excessive 
capacitance to earth at points other than its terminals. 
Where there is choice in the arrangement of screens it is 
possible completely to eliminate earth capacitance of 
internal parts of the test circuit, as in the circuit of Fig. 6. 

A useful test circuit for measurement of the reactance 
and resistance of screened coils is shown in Fig. 7. The 
capacitance at the point d can be made sufficiently small 
to render correction for it unnecessary. If a low-power- 
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!~L 




a 

-o 


Fig. 7 


reactance and resistance over the 1-10 Me./sec. frequency 
range. 

(13) FURTHER DEVELOPMENT 
There is at present under construction a bridge similar 
in principle to the above but of smaller dimensions, which 
is intended to cover the frequency range 10-100 Me./sec. 
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factor condenser is used, the equivalent series resistance 
of the coil is obtained directly from the slide-wire calibra¬ 
tion with a limit of error of 1 % and, after correction for 
skin effect only, with greater accuracy. The reactance is 
given by 

A + myB D .o. 

where G is the condenser capacitance. It should be 
observed that only when one terminal of the coil is con¬ 
nected to the screen are the effective values of reactance 
and resistance independent of the circuit in which the coil 
is connected. 

The bridge is, in general, found to be more sensitive 
than the existing resonance methods for measurement of 
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DISCUSSION BEFORE THE WIRELESS SECTION, 2ND FEBRUARY, 1938 


Dr. L. Hartshorn: The sensitivity and perfection of 
balance of the bridge can, in these days of amplifiers, 
and efficient screening and earthing, be taken for granted. 
The practical value of the new bridge will therefore 
depend on its overall accuracy, convenience in use, and 
flexibility, i.e. the ease with which it may be adapted 
to deal with jobs of various kinds. It would be of great 
value if the authors could give some idea as to how the 
bridge compares "with alternative methods in these 
respects. The estimated limit of error of 1 in 1 000 is 
probably also the upper limit of accuracy obtainable by 
the resonance method. The fact that the reactance is 
tuned for a maximum of sound in the initial stages, and a 
minimum in the final stages, suggests that the adjust¬ 
ments might at times be less straightforward than those 
of untuned bridges, but it may be that the apparent 
ambiguity causes no practical inconvenience. 

The resonance bridge was used some years ago at the 
N.P.L. at audio frequencies, but was discontinued for 
measurements on ordinary coils, owing to the fact that 
at resonance the junction of coil and condensers is at 
very high potential, and that therefore errors due to any 
earth-capacitance currents at this point are apt to be 
unduly large. The Wagner earth only allows for 
capacitance currents at the corners of the bridge, the 
bridge readings are therefore a function of the earth 
capacitance at the junction in question, and are m 
consequence limited in their application to the specia 


conditions imposed by the bridge network. The authors 
scheme of connections shown in Fig. 6 is exactly that 
required to eliminate error due to this cause: the screens 
are so arranged that the junction has capacitance to the 
condenser screen-terminal but not to earth. I regard 
this feature as essential for accurate results. Does not 
the necessity for such conditions limit the application 
of the method somewhat severely? Measurements on 
unscreened coils would, I think, from my own experience, 
be subject to larger errors if made by this method. 
Nevertheless, it is of the utmost importance that the full 
possibilities of such methods should be thoroughly 
explored, and in showing that the method is capable 
of an accuracy within 0 • 1 % at 10 Me./sec. under suitable 
conditions the authors’ investigation is a valuable 

piece of wofk. . 

Mr. T. Iorwerth Jones: It is interesting to recall 

that the earliest form of radio-frequency bridge, described 
in this country about 15 years ago by Mr. M. Hart, was 
also developed at the City and Guilds Engineering 
College. In some respects it resembled the bridge 
described in the present paper. Its arms consisted 
similarly of eureka wires, rather longer, of course, than 
those in the authors’ apparatus. A movable contact was 
realized by threading the wire through a small cube con¬ 
taining mercury, the holes being so small that the mercury 
did not escape. There was no screening. The full impli¬ 
cations of the pioneer work of G. A. Campbell, and its 
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after development at the hands of Shacldeton and 
Ferguson, of the Bell Telephone Laboratories, were 
realized subsequently. When we came to design a radio- 
frequency bridge at the N.P.L., in adapting a bridge to 
radio frequencies we introduced a great deal of screening; 
we were compelled to do so, because we were aiming at 
the measurement in the first place of very, very small 
phase angles associated with the effective resistances of 
condensers, phase angles which can frequently be as low as 
6 sec. of arc at 1 Me./sec. The bridge was also intended 
for measurements on dielectrics. In those measurements 
the apparatus was provided with two electrodes and a 
guard-ring, and the potential of one of those electrodes 
had to be maintained accurately at the potential of the 
guard-ring, otherwise a different result would be obtained, 
depending upon the choice of the arm into which the 
apparatus was inserted. Screening and the elimination 
of induction into the detector circuit were the essential 
precautions which had to be observed. 

The authors’ bridge is essentially a bridge with low- 
impedance arms. It is assumed that it is not intended 
for the measurement of very small phase-angles. This 
allows of greater latitude in the matter of screening—- 
at the upper reaches of the frequency range this becomes 
imperative if the bridge is to remain workable, otherwise 
the earth admittances would exceed the measured 
admittances and complicate the result. There is a 
definite limit to the accumulation of earth capacitances 
above 1 Mc./sec. The authors’ bridge appears, in general, 
to be admirable for the measurement of screened in¬ 
ductances and for the adjustment to resonance at a 
definite frequency of screened composite units intended 
for filter circuits, and as a means of deriving a knowledge 
of the resistance of such components. There is one 
feature, however, on which one,is not too happy. The 
tapping on the variable resistance carries a detector 
point which moves a considerable distance along the wire 
between the two balances obtained with the apparatus 
under test included in, and removed from, the bridge arm 
respectively. This movement may modify the mutual 
induction between the source circuit and the detector 
circuit which may almost inevitably exist to a small 
extent. It is difficult to estimate this effect from a 
cursory glance at the assemblage. 

A few years ago, in the course of a review* of high- 
frequency bridge networks, I had occasion to comment 
upon the absence of satisfactory standards of resistance 
for work at high frequency. The authors’ bridge em¬ 
bodies standard resistances both of the fixed and of the 
variable types which are admirably screened and compact. 

Mr. E. B. Moullin: The authors use a battery-driven 
generator and mains-operated receiver, or vice versa. I 
presume they fear to use two mains-driven pieces of 
apparatus lest a signal should pass from one to the other 
through the a.c. system, I shouldTilce to know whether 
they think it is beyond their ingenuity to arrange for both 
units to have a.c. drive. 

I notice that the authors use mycalex for terminal 
bushings; had they any reason for using it in preference 
to, say, trolitol, which I myself prefer ? 

It is a little difficult to assess the order of importance of 
G" from the two bridge-balance conditions, equations (10a) 

* E.R.A, Report L/T 56, 1033. 


and (106). Its action is that the equivalent of inserted 
resistance in Fig. 5 is shunted by a capacitance, so that 
its effective resistance is smaller than it ought to be, the 
difference is enhanced by the residual inductance of the 
arm. I feel that the effect of G" is probably very small 
indeed, because L ^ can be made very small. Why was 
no test made by connecting a variable capacitance to 
earth from the danger point d, and examining the inac¬ 
curacy produced ? 

It is stated in Section (10) that the inductances of 
units of copper wire and eureka wire are the same. I 
maintain there is a certain range of frequency in which 
the two values will not be the same, because the induc¬ 
tance due to the internal field is a function of frequency 
and is not a negligible fraction of the total inductance. 

I suggest that the inductance for steady currents would be 
about 10 % more than the limiting final value. The rates 
of approach to that lower value would be different for the 
copper and the eureka, having two different penetrations. 
As I presume that the term Lq in equation (10a) is 
negligible anyhow, this discrepancy does not much 
matter. 

It would be valuable if other speakers in the discussion 
would give their views as to the relative merits of the use 
of a bridge and of straightforward resonance methods. I 
hope it is still reasonable to go on using resonance rather 
than bridge methods, and I gather that Dr. Hartshorn 
thinks likewise. What do we gain by using a bridge 
method ? Essentially that we cut out any indicating 
instrument the law of whose scale we have to rely on. 
We throw all the responsibility on to a standard re¬ 
sistance or condenser: provided these remain constant 
then obviously the bridge method gives a much higher 
degree of possible accuracy of reading than the resonance 
method. My experience of resonance methods has not 
revealed a lack of accuracy of reading, desirable as it may 
be to have the further extended accuracy of reading 
which the authors’ bridge must undoubtedly give. There 
is, however, one point which is worth bearing in mind. 
So far as my experience goes, the high-frequency resis¬ 
tance of a circuit is not constant from day to day to 
the extent of 2 parts in 1 000. It is easy to make a coil 
which has a power factor of 0-3 %, and the operation 
becomes successively easier as one goes to higher and 
higher frequencies. That being so, the power factor of 
the condenser becomes an appreciable fraction, of the 
order of 10 %, of the whole. I think that in ordinary 
circumstances the power factor of condensers, with their 
bushings affected by conditions of weather, is slightly 
variable from day to day. It is certainly my opinion 
that there is not a greater day-to-day constancy than 
about 0-5 %, so that I think there is an upper limit to 
which it is useful to go for precision of comparison. 

A further point which occurs to me is that the authors ’ 
bridge essentially measures resistance, whereas in general 
the quantity which is more important in high-frequency 
work is the power factor of the circuit. 

Mr. Charles Holt Smith: I have throughout the last 
year been developing a bridge which is complementary to 
the authors’. The conditions which I had to fulfil were 
that it should be suitable for use in the field at Daventry 
for the’ purpose of measuring and adjusting short-wave 
transmitter aerials. It had therefore to be easily port- 
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able, and weatherproof. It had to operate over fre¬ 
quencies between 6 Mc./sec. and 24 Me./sec. and to be suit¬ 
able for measuring balanced impedances. Fortunately, 
a limit of error of the order of 5 %. was considered ample. 
This bridge was duly constructed, and it served a very 
useful purpose throughout the past year in connection 
with the setting-up of the Daventry aerials. 

The difficulties experienced by residual capacitance at 
the junction point of a standard resistance and condenser 
were avoided by connecting the standard resistance and 
condenser in parallel, so that the answer obtained for the 
unknown impedance was expressed as the equivalent 
parallel resistance and reactance. Ihe reactance was 
measured by means of a double differential condenser. 
Differential condensers were employed in order that by 
transferring negative reactance into either the test arm or 
the standard arm of the bridge, positive or negative 
reactance could be measured, and two condensers were 
used in series to give a balanced system with the centre- 
point earthed. The resistance component of the im¬ 
pedance to be measured was determined on a carbon 
track varying with the resistance. The resistance used 
was a hand-calibrated Morgan-Stackpole 1 000-ohm 
resistance. The resistance track was of a form coniorm- 
ing to no previously known rule, having been designed in 
such a manner that the scale was open mainly in the 
region round about 600 ohms, at which value maximum 
accuracy was required. A further device which was 
incorporated permitted the whole of the range from zero 
to infinity shunt resistance to be included on a single dial. 
By connecting across the test terminals of the bridge a 
variable resistance, and by means of an initial bridge 
adjustment whereby this resistance was made equal to 
the maximum value of the variable resistance in the 
standard arm of the bridge, the external shunt resistance 
across the test arm under conditions of balance was given 
the value infinity; whereas when the standard resistance 
was turned down to zero the total resistance variation 
was from zero to infinity. The reactance variation was 
of the order of ± 70 /x/xF. 

Dr. M. Reed: Have the authors been able to verily 
that the magnitude of the contact resistance which would 
be at f if the whole of the variable resistance was confined 
to R 4 is sufficient to justify the considerable complication 
caused by leaving d with an impedance to earth ? 

Although the use of cylindrical tubes does seem to give 
an ideal layout from the electrical point of view, it is 
interesting to consider whether equal results could not 
have been achieved by a more compact form of bridge. 
For example, have the authors investigated the possi¬ 
bility of (a) using for their ratio-arms balanced coils 
wound with twisted pair on a core of ferromagnetic 
material suitable for operation at high frequencies, 

( b) having a spool consisting of an Ayrton-Perry winding 
of eureka wire on a small card of, say, 1 in. square for the 
additional fixed resistances ? 

In connection with the formula for the reactance cor¬ 
rection given in (106), have the authors considered the 
possible inductance of the air condenser, and, if so, is i s 
magnitude too small to be included in the correction 
term ? Finally, since the errors given in Table 2 seem 
to be independent of frequency, what decides the limiting 
frequency at which the bridge can be operated ? 


Mr. N. Lea: I should be interested to learn whether the 
authors have made any assessment of the errors they would 
expect beyond the limit which they have imposed on the 
working frequency of their bridge, namely 10 Mc./sec. 

A further point is that the figure of 4 - 6 /x/xF mentioned 
for the capacitance of terminals is a little higher than one 
would expect to be necessary. Have the authors tried 
to reduce this value ? 

I am not quite sure whether Mr. Moullin s remarks 
about an alternative method of measurement referred to 
the resonance method wherein one injects a known 
voltage into the circuit under test and then measures the 
voltage across the circuit. If so, I agree with him that 
it is possible to get all the discrimination which one needs 
with that arrangement, the limit of error being less than 
1 in 1 000. Some time ago, I had occasion to carry out 
some radio-frequency loss tests on good-quality insulating 
oils, and I found that with quite reasonable precautions 
one’could detect changes of the order of 0-0001 ohm in 
about 5 ohms. 

Dr. Hartshorn has made a very strong point about the 
danger associated with the mid-point between the con¬ 
denser and the inductance in the circuit to be measured. 
This is of even more importance in commercial work, 
where often we have to deal with quite large coils and 
condensers. 

Dr. A. Rosen: The authors state that their bridge is 
to be regarded as suitable for reactance as well as 
resistance measurements; the variable condenser. C is 
consequently an essential part, and more detailed infor¬ 
mation concerning it might be included in the paper, 
possibly in Section (4). In that case, the condition that 
the reactance of the measured circuit should be finely 
adjustable could be omitted from Section (12). On the 
other hand, I would suggest that the following limitations 
be added: [a] The measured circuit must not be earthed at 
any point. (6) It should be completely shielded, as shown 
in Fig. 7, preferably with an additional earthed screen 
to make the capacitance to earth constant, (c) The 
capacitance between the screens, which is thrown across 
the variable condenser C, should be low enough to permit 
the circuit being brought to resonance, (d) The dielectric 
between these screens should be of the highest quality, so 
that this capacitance has negligible series resistance. 

Mr. H. Page [communicated): In maldng measurements 
on coils by means of an impedance bridge, it is desirable 
to connect the coil in the same way as that in which it is 
used in practice. In the case of a series-tuned circuit, for 
instance, the value of resistance in which we are interested 
is that obtained by measuring the series resonant im¬ 
pedance. In the case of a parallel-tuned circuit, how¬ 
ever the efiective resistance of the coil can only be 
obtained by measuring the parallel resonant impedance; 
in this case the self-capacitance of the coil forms part o 
' the tuning condenser and does not affect the resistance, 
measurement. The effect of self-capacitance maiL of 
course, be calculated, but the calculation is laborious 
and generally inaccurate. 

The application of the series resonance bridge is limited, 
therefore, to coils of small inductance, m which the self- 
capacitance does not affect the resistance measuremen 
This excludes the majority of coils used m modern broad¬ 
cast receivers. 
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FORTESCUE 


RESONANCE BRIDGE: DISCUSSION 


AND MOLE: A 

The use of wire mounted axially in screening tubes for 
the ratio arms is interesting; in the types of bridge 
normally used for impedance measurements, these take 
the form of lumped elements, either the inductive type 
or Ayrton-Perry resistance windings. Two similar units 
give good equivalence of impedance up to 5 Me., and 
possibly higher, but I am not aware of any tests which 
have been made to the same accuracy and over the same 
frequency-range as those of the authors. Their experi¬ 
ence in this respect would be of interest. 

Prof. C. L. Fortescue and Dr. G. Mole (in reply ): 
Several speakers have raised the question of the nature 
of the measurements for which this bridge is designed. 
It was originally intended for the measurement of the 
equivalent series resistance of any series L — G—B circuit 
or of any combination of circuits that could be repre¬ 
sented by L, O, and B in series at the particular frequency 
in use. It must be possible to adjust the equivalent 
reactance, and under the conditions of measurement no 
part of the circuit under test is actually earthed. Both 
ends of the circuit under test are, however, very nearly at 
earth potential, and any leakage from the high-potential 
point of the circuit will only be that occurring under normal 
operating conditions. Thus, contrary to the opinions 
expressed by one or two speakers, no error arises from 
this cause. It is only when attempting to prove the 
accuracy of the bridge, as described in Section (10) of the 
paper, that this leakage has to be reduced to a minimum 
or by some means maintained constant. 

As a by-product, the bridge proved extremely con¬ 
venient for the comparison of reactive components by the 
method of simple substitution. 

The bridge is not adapted for the measurement"-of 
parallel L, C, B circuits, owing to the difficulty of obtain¬ 
ing high resistances of accurately known values and to the 
intention of keeping all the impedances of the bridge 
quite low. Thus inductances tuned wholly or nearly 
wholly by self-capacitance cannot be compared on this 
bridge. The simple form of bridge described by Mr. 
Smith illustrates this difficulty, for he claims a limit of 
error of only ^ 5 %, whereas the bridge described in the 
paper has a proved limit of error approaching 0-1 %. 

The screening of the test circuit has been mentioned. 
Screening is not necessary unless it is the normal operat¬ 
ing condition. But if it is not provided the resistance 
and reactance will depend upon the immediate surround¬ 
ings, and any re-arrangement will lead to a change of 
resistance which actually occurs and which is duly 
recorded by the bridge measurement. 

The result given by the bridge is an effective resistance. 
The frequency is known, and if either L or C is known 
the power factor of the circuit as a whole can be found. 
The power factor of either the capacitance or the induc¬ 
tance alone cannot be found, but change of power factor 
due to change of components is easily observed. 

The relative advantages of the bridge measurement and 


the resonance measurement is naturally the subject of 
several questions. Mr. Moullin really answers these 
questions, except that he does not mention the important 
fact that when the resonance method is used there will 
either be some uncertainty with regard to the losses or 
the additional reactance involved in the indicating instru¬ 
ment; or the complication of the Mallett-Blumlein 
method will be involved. The bridge gives the effective 
series resistance without these difficulties. It does not 
give a power factor, but in practice the effective resistance 
is usually the more important. The bridge measurement 
is probably slightly more accurate than the resonance 
measurement, the circumstances being similar. 

Mr. Moullin mentions several other important points. 
It is quite possible that both receiver and oscillator could 
be operated from the mains, but this plan was not 
adopted, as it seemed unwise to run any risks in the 
course of the development of the bridge. The change of 
inductance of the copper and eureka wires is an important 
point where this substitution is employed. In the 
present instance the possible change of L is about 
0 ■ 008 pH in a total inductance of the resistance wire of 
0-18 pH, which is, in itself, only a part of the whole 
inductance of the circuit. The error arising from this 
cause is thus very small. With regard to the effects of 
G", the tests of the bridge given in Section (10) involved 
capacitances much higher than those to be expected under 
normal conditions of working. Thus, if the corrections 
were satisfactory in those tests there is no reason to 
suppose that greater errors will arise when the capacitance 
G" is much less. The material used for the terminal 
insulators is unimportant, owing to the low impedance 
of the bridge. Mr. Lea suggests that the terminal capaci¬ 
tance should be less than 4 • 5 ppF, and he may be inter¬ 
ested to know that in the new bridge, designed for higher 
frequencies, this capacitance is reduced to little over 
1 • 7 ppF. 

The limitation of frequency with the original bridge 
arises from a variety of causes such as the high terminal 
capacitance mentioned by Mr. Lea, and the distance 
apart of the terminals to which the test circuit is con¬ 
nected. Primarily, however, the limitation arises from 
the fact that the series resistances of higher-frequency 
circuits are too low to be measured accurately on a 
10-ohm slide wire of under 1 metre in length. 

Two speakers have suggested the use of wound coils 
for the ratio arms. This is possible, but it is not so easy 
to ensure their equality under all conditions as in the 
case of the straight wire tapped at the centre, where a 
single resistance comparison ensures equality of reactance 
within the limits of constancy of the wire. 

Mr. Jones asks whether variation of the position of the 
slide-wire contact causes a variation of the coupling 
with the receiver. The sliding contact is always at 
earth potential when the bridge is balanced, and it thus 
seems unlikely that any error can arise from this cause. 
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SUMMARY 

The paper describes an improved recorder lor indicating the 
direction of arrival of transient impulses continuously through¬ 
out the day. The polar diagram of the receiver has a width of 
20° and is unambiguous. The analysis of three years records 
shows that most of the atmospheric disturbance reaching a 
station in England arrives from the west or south-west, but 
that during summer afternoons sources to the east and south¬ 
east are productive together with storms of a purely local 
character. The disturbed azimuths appear closely related to 
the bearing of the great tropical thunderstorm centres, but the 
intensity of disturbance from each is dependent on the ioniza¬ 
tion conditions prevailing over the path to the receiver, at the 
time each region is productive. Curves are given from which 
the probable intensity of atmospheric in any direction at any 
time may be roughly determined. 


INTRODUCTION 

In a paper entitled “ Directional Recording of Atmo¬ 
spherics/' Watson Wattf has described the recorder 
used for some time in the work of the Radio Research 
Board. Its purpose was to register throughout 24 hours 
the azimuth of arrival of the electrical impulses called 
variously “ atmospherics,” “ strays,” etc. In the course 
of analysis of the records from this recorder, it became 
evident that in many cases atmospherics were arriving 
from more than one direction, and the physical signi¬ 
ficance of the results was being masked by the inability 
to determine more than the mean azimuth of dis¬ 
turbance when two or more streams were simultaneously 
active. 

The improvements outlined in the present paper were 
originally suggested in the summer of 1927, but it was 
not until 1930 that time was found in the programme 
to proceed with the development of the instrument. 
Since then, and until the middle of 1935, the apparatus 
has been in almost continuous use, and has proved quite 
stable in operation and satisfactory in result. 

It consists essentially of two frame aerials, referred to 
as the " recording frame ” (R) and the ” opposing frame 
(O), mounted mutually at right angles on a common 
vertical spindle (see Fig. 2), and a short vertical aerial 
electrically associated with one frame aerial. The output 
from this combination, after amplification, is arranged 
to operate a pen-writing oscillograph recording on a 
drum rotating in step with the frames. The mechanical 
design was to a large extent governed by available parts 
from the older model, and since the equipment is housed 

* Reprinted from Journal I.E.E., 1938, vol. 82, p. 289. 

t See Reference (1). 
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in a small wooden hut at considerable distance from trees, 
telegraph wires, wire fences, electric cables, etc., which 
might introduce lateral deviation of incoming signals, it 
is necessarily battery-operated. 

PRINCIPLE OF OPERATION 
Let us consider the recording (R) frame and its ampli¬ 
fiers alone. Here we have a normal frame direction¬ 
finder in which a steady stream of atmospherics of 
constant amplitude produces in the oscillograph coils a 
current which at any instant will be I cos 8, where 8 is 
the angle between the instantaneous position of the plane 
of the rotating frame and the azimuth of the atmospheric 
stream, and I is the output current when the plane of the 
frame coincides with the direction of arrival; since recti¬ 
fied current is fed to the oscillograph the armature will 
always be rotated in one sense, and this rotation is 
arranged to produce upward deflection of the pen. The 
type of chart obtained will then be similar to that from 
the older instrument, namely one with two wide bands 
of record, 180° apart, with very flat maxima. 

From the opposing (O) frame, rigidly fixed at 90° to the 
other, the same source would produce an output equal to 
I cos (8 + 90°), assuming set gains to be equal and 0 the 
same angle as formerly. This output is connected to the 
oscillograph coils so as to apply a torque _ tending to 
rotate the armature in a direction opposite to that 
resulting from the output of the R set. The use of 
similar amplifiers ensures that the two torques are applied 
to the armature simultaneously, and the resultant torque 

is therefore proportional to l[cos 8 — cos {9 + 90°)] * 

A stop provided below the pen prevents downward 
deflection, so that no record will result when 
cos 9 < cos (9 -f- 90°). 

These steps are presented graphically in Fig. 1. 
Curve a shows the usual “ figure of eight ” diagram, 
drawn to cartesian co-ordinates, resulting from the R 
set only; the height of the curve is a measure of the 
amplitude of pen deflection obtained as the frame rotates 
through 360°; Curve b shows the output from the O set 
(at right angles to the R set) producing pen deflection 
downwards; c combines u and b, the dotted portion, 
below the zero line being suppressed. 

Now let the signal from the non-directional aerial be 
added to that from the R frame before rectification and 
adjusted in amplitude to be equal to it when the frame 
is set to receive maximum signal. The output from the 
R set is then 1(1 + cos 8) and follows the usual cardioid 
diagram. This results in the disappearance of one of the 
recorded sectors, where 1 -f- cos 6 — 0, and the record 
becomes unambiguous. Curves d and e show the unrecti- 

121 ] 9 



122 


LUTKIN; DIRECTIONAL RECORDING OF RADIO ATMOSPHERICS 


fied currents in the frame and vertical aerials respectively, 
/ combines the two, and g adds the combined output to 
that from the O frame (/ -f- b). 

If now the amplification of the O set be progressively 
increased, the angle over which the output from the R 
set exceeds that from the O set will be correspondingly 
decreased. Thus the sector around the true azimuth of 
arrival over which a visible record is obtained may be 
narrowed to any desired width, and since the output 
from the O set is zero when that from the R set is at its 
maximum such reduction in sector width will not reduce 
the amplitude of the record at maximum, however narrow 
it is made. In practice a difference in gains of about 
17 db. was found the most suitable value to employ, and 
h is the resultant curve with such values. 



Throughout these considerations it has been assumed 
that linear rectification is used. With the square-law 
rectification actually in use a further narrowing of the 
sector results; the output curves depart somewhat from 
those forming Fig. 1, but no fundamental change in the 
argument results. 

DETAILS OF RECORDER 
The general assembly of the recorder is seen in Figs. 2 
and 2a. A pair of frame aerials (the recording frame R 
and the opposing frame O), mounted mutually at right 
angles on the vertical spindle A, are supported in ball- 
races in the timber framing B and rotated by a turret- 
clock movement C. The metal drum D carrying the 
recording paper is mechanically geared to the frame 
spindle, while an oscillograph E receives the amplified 
current from the aerials and moves a siphon pen P to 
record the atmospheric on the paper. 


The Frame Aerials 

The frame aerials, each 1 metre square, are wound in 
slotted paxolin rods 2 • 5 cm. in diameter, supported on 
aluminium cross-arms carried by diagonal arms of 2 • 5-cm. 
diameter aluminium tube which are secured by a central 
hub to the vertical spindle, of similar tube. The diagonal 
arms are broken near their ends, and an insulating section 
/is inserted to prevent the formation of closed conductive 
loops in the framing. The frames are wound with 
170 turns of No. 26 S.W.G. copper wire, silk-covered, at 
2-5-mm. spacing, terminated on insulators, from which 
leads are taken through the central spindle to the mercury 
slip-rings S. The centre point of each winding is similarly 
terminated, and the leads taken to a single point on the 
metal framing. The central spindle is suspended from a 
ball-race in the top of the teak framework B; its lower end 
passes through a radial race in the lower horizontal 
member and carries below it a fiat circular porcelain disc 
in which are five concentric circular channels for mercury. 
Fixed contacts through the porcelain into each mercury 

ring terminate the four ends of the frame windings 
and the earth connection. Into the rings dip five iron 
rods mounted on an insulating block on the framework, 
and these are connected to screened leads which are taken 
to the tuning equipment. 

The aerials each have an inductance of 0-034 H and a 
resistance of 107 ohms at 10 kc. per sec., and are adjusted 
to obtain zero mutual inductance. 

Driving Clock 

The frames are rotated four times per hour by a 
tuiret-clock movement C through a 5-mm. diameter 
leather belt drive. This was ultimately chosen, in view 
of its slight elasticity, as the best drive for producing a 
steady movement of the frames from the intermittent 
drive of the clock. A further steadying is obtained by 
coupling the belt pulley to the driving shaft by a spring. 

Recording Drum 

dhe hollow cylindrical drum, 15-3 cm. in diameter and 
34-5 cm. long, and its supporting framework, which in 
the earlier instrument was connected directly to the 
frame spindle and mounted below the frame, is in this 
model supported on a bracket J (Fig. 2) attached to the 
side of the wooden framework and driven through a 1 • 1 
bevel gearing and shaft G. Thus the drum rotates in 
synchronism with the frames, and any point on its surface 
may be referred to a particular orientation of the frame 
system. As the drum rotates it is lowered at the rate of 
3 mm. per revolution by the screw 5 turning in the fixed 
nut n, so that a stationary pen traces out a helix on the 
drum surface. 


The Chart 

The recording chart consists of a sheet of glazed paper 
49 cm. by 34 cm., secured around the drum by pasting 
at the 1-cm. overlap. On removal from the drum the 
helical track drawn by the stationary pen appears as a 
series of parallel and nearly horizontal lines, 3 mm. apart, 
and the upward deflections of the oscillograph pen caused 
by the atmospherics as short lines perpendicular to these. 
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The Oscillograph 

The Abraham-Bloch quadro-polar instrument with 
soft iron armature, used before, is again employed. It 
has four field windings each having a resistance of 2 500 
ohms, two of these being connected in parallel in the 
output circuit of each amplifier, in such a manner that 
the flow of current in the pair connected to the amplifier 
associated with the R frame rotates the armature in a 
direction producing upward deflection of the pen, while 
current in the other pair from the O frame deflects the pen 
downwards. On the armature is mounted a light alu- 


of the pen is held on to the paper surface under the action 
of a spring-applied torque on the supporting rod, and the 
girder carrying the pen bent to give a certain but light 
contact between the pen and the chart. A small camel- 
hair brush is also provided to remove dust from the paper 
immediately in advance of the pen. This has proved 
very effective in preventing clogging of the pen due to 
dust collected from the paper surface. 

Amplifiers 

Similar amplifiers are provided for each of the two 



R,, eooo a. 
R 2 , 1 MU. 
Ri,0'5Mfi. 
R 4 , 1 250 a. 
R 6 , 200 000 n 
R n , 50 000 a. 
R 7 , 2 MO. 

R s , 0-1 mo. 
r 9 , 150 n. 

Rio, 250 a. 


Fig. 3.—Narrow-sector recorder circuit diagram. 


L.T. and H.T. batteries common to both sets 

Ci, 0-001 (U.F. 

C a , 10 x O-OOOS aF. 

C s , 1 ,*F. 

C 4 , 0 - 0033 uF. 

C B , 0-015 jitF. 

C fl , 0-25 ixF. 

C 7 , 0-5 ju.F. 

C s ,0-5 iiJP. 


Separate grid-bias batteries for each amplilier. 
Li, 2 770 ,aH. 

L 2 , 88 G40 /xH. 

L 3 , 700 000 u.H. 

L 4 , 510 000 uH. 

L 5 , 200 000 ,xH. 


Vi, 215SG. 
V 2 , 210SG. 
V 3 , I-IL210. 
V 4 , P2. 

V s , II210. 


minium girder carrying the siphon pen. This pen con¬ 
sists of a short length of silver tube of 0-33 mm. bore 
with a writing tip of 0*12 mm. bore pushed into the 
larger tube. This gives a very fine line and does not 
tend to clog, as was found when the pen was constructed 
of fine bore tube throughout. A small stop fixed to the 
oscillograph prevents downward deflection of the pen, 
and the controlling torque of the oscillograph is adjusted 
so that in the zero position of the armature, under the 
steady anode current from the two sets, the pen rests 
lightly on this stop. To ensure uniform pen pressure on 
the drum surface, the oscillograph is mounted on a 
rotatable rod parallel to the axis of the recording drum. 
A: small roller on the oscillograph immediately in advance 


frames, and the schematic wiring diagram forms Fig. 3, 
Each has three stages of high-frequency amplification 
followed by a detector stage and filter unit. To ensure 
complete freedom from feed-back and cross-talk between 
amplifiers the separate units are enclosed in metal screen¬ 
ing boxes and the connections are made throughout with 
screened leads. The two ends of the frame aerial are 
connected via the mercury slip-rings S and the split 
secondary LjLj of the transformer T to the tuner unit. 
The transformer provides a means of coupling to the 
frame circuit the output from the vertical aerial which is 
discussed later. The tuner unit consists of a bank of ten 
fixed condensers of capacitance 0-0008/xF, inserted as 
required across the frames by a rotary switch and in 





















LUTKIN: DIRECTIONAL RECORDING OF RADIO ATMOSPHERICS 


125 


parallel with a variable condenser of capacitance 
0-001 pF. The output from the frames is taken to the 
grid of the first high-frequency valve, V p via the gain- 
control potentiometer. This consists of a combination 
of rheostat R g and potentiometer R g , the former giving 
attenuation of the order of 0-15 db. whilst 15-40 db. is 
obtained on the latter. Tuned anode coupling is em¬ 
ployed for the first two high-frequency valves and con¬ 
sists of two 0 • 33-H coils mounted astatically in a copper 
can and tuned by a 0- 0013-pF condenser. Grid bias for 
the first valve is obtained from a small 2-volt cell b, while 
V 2 is biased from a potentiometer R 4 across a 2-volt 
cell which also feeds the potentiometer from which bias 
to V 3 is taken. 

Vj and V 2 are 2-volt screen-grid valves having an 
amplification factor of 170, while V 3 , in the third high- 
frequency stage, is a triode. This is resistance-capaci- 
tance-couplecl to the detector stage, which is a power 
triode with its grid biased to provide anode-bend 
detection. 

The anode of the detector is connected to the deflecting 
coils of the oscillograph through a low-pass filter with a 
cut-off frequency of about 400 cycles per sec., and an 
attenuation at 10 kc. of about 80 db. This prevents the 
passage of radio-frequency potentials to the oscillograph 
and consequent re-radiation to the frames which are very 
close to it, a point of considerable importance in view of 
the high gain of the set. 

Decoupling is employed throughout in both grid and 
anode feeds; and, as an additional precaution against 
cross-talk, separate bias batteries are provided for each 
amplifier. 

The Vertical Aerial 

A short vertical aerial, 6 metres high, is provided out¬ 
side the building. It is connected to earth through a 
resistance of a few megohms so as to form an aperiodic 
circuit. A suitable portion of the aerial voltage is taken 
to the grid of valve V g by tapping along this resistance. 
V 5 is a high-impedance valve with a low-impedance 
winding L 2 in its anode, forming the primary of trans¬ 
former T. This arrangement serves to impose the tuning 
of the frame circuit on that of the aerial and to ensure 
that the output of both shall appear correctly phased at 
the grid of valve V r By variation of the value of 
resistance R 7 or of the coupling between L 3 and L 2 , the 
amplitude of the current fed to the frame circuit is 
adjusted to be equal to that produced in the frame itself. 

Test Unit 

In order that the sensitivity of the equipment may be 
maintained constant, it is arranged to produce artificially 
a transient impulse of constant amplitude, and to record 
on the drum the amplitude of pen deflection it produces. 
This test unit (V, Fig. 2) is indicated in the bottom left- 
hand corner of Fig. 3. A 2-way mercury switch W, 
operated mechanically from the pendulum of the driving 
clock, charges condenser C 8 from the battery and dis¬ 
charges it through resistance R l0 , inductance L 5 ,a 4-turn 
loop coupled to the frames, and R 0 , part of the loading 
resistance in the aerial. The loop consists of two turns 
of screened twin cable mounted in a fixed position on the 
main framework (see L, Fig. 2), care being taken to avoid 


closed loops when earthing the screen. The test signal in 
the loop induces in the frames signals simulating the 
arrival of a stream of constant-amplitude atmospherics 
from a constant azimuth, and the current in R 0 produces 
a “ sense ” indication in the test signal, the value of R 0 
being so adjusted that the voltage appearing at the grid 
of Vj from the aerial circuit exactly equals that derived 
inductively from loop L by the R-frame circuit with the 
frame set in the direction of maximum pick-up. 

Since the radiation from the test loop is itself directional 
and fixed, the test-signal record serves as a directional 
reference mark as well as a gain calibration. 

PERIOD OF OBSERVATIONS 

Following a period of preliminary testing the recorder 
was taken into routine use in September, 1930, and it 
continued to operate as a narrow-sector recorder until 
May, 1933. At this time information on intensity of 
disturbance was desired, and the instrument was used for 
recording a cardioid diagram until March, 1935. A short 
period of narrow-sector recording followed, at a lower gain 
than that used previously, and recording ceased in 
August, 1935. 

The following discussion is mainly confined to the 
sequence 1930-33. Throughout the period the equip¬ 
ment was tuned to 10 kc., this frequency being chosen to 
ensure freedom from signal interference without the neces¬ 
sity for resorting to very narrow band-width. 

GENERAL APPEARANCE OF RECORDS 

Four typical charts are reproduced in Figs. 4a, 4b, 4c, 
and 4d. The record commences at the bottom of each 
chart, at about noon, and progresses upward at the rate 
of 1 line in 15 minutes, time and angle increasing from 
left to right. At F, at the beginning and end of each 
chart, is the record made by the test unit, indicating the 
relative amplification and width of sector over which 
atmospherics are accepted by the equipment and serving 
also as an azimuthal reference mark. Fig. 4a is typical 
of records obtained during the winter period. A narrow 
sector of disturbance will be seen throughout the 24 hours 
in a direction north of west, one from the west during the 
night, and a third from the south-west during the early 
morning. Fig. 4b shows the more complex character of 
the record during the summer, indicating sources in 
widely differing directions, each source being active for 
a few hours. Frequently during the daytime deflections 
are obtained all round the chart, but azimuths in which 
the frequencies of occurrence reach maxima can usually 
be determined. Occasionally, when thunderstorms are in 
progress near the station, charts similar to Fig. 4c are 
obtained, the disturbed azimuth varying steadily with 
time, large angular swings often occurring within a few 
hours. In October and November two active channels 
are often visible throughout the day, one to the south, 
and the other to the north of west (Fig. 4d), the former 
attaining peak amplitude during the daytime while the 
latter predominates at night. 

Marked differences can be seen in the character of the 
disturbance in the various sectors. At A in Fig. 4-b long 
strokes of the pen occur, each stroke separated from the 
next by an appreciable time-interval. At D, on the 
other hand, considerable thickening of the baseline occurs 
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due to repeated small pen excursions, the time-interval 
between them being insufficient to permit appreciable 
paper movement. In general, a distribution of the latter 
type is confined to a narrow sector, while the large 
individual strokes are much more scattered round the 
chart. In analysis it is possible to recognize four different 


F 



Fig. 4 a.—R ecord for 28th-29th January, 1933. 

types of distribution, and while the boundary between 
them is somewhat arbitrary, being assessed visually, and 
probably varying with the person analysing the record, it 
is of assistance when effects of the disturbance are being 
considered. 

CHARACTERISTICS OF DISTRIBUTIONS 

(A) This first group consists of strokes from 4 mm. to 
8 mm. in length, occurring with moderate frequency. 



Fig. 4c.—Record for 20th-21st August, 1932. 


(B) The second consists of individual strokes up to 
4 mm. long occurring at a frequency at which overlapping 
takes place on the chart. 

(C) Individual strokes up to 4 mm. long of infrequent 
occurrence. 

(D) Overlapping individual strokes of less than 2 mm. 
length. 

METHODS OF PRESENTATION 

By placing over the original chart a transparent 
graticule subdivided vertically into 1-hour time divisions 


and horizontally into 10° steps, the disturbed azimuth 
and types of activity present at any hour were abstracted. 
This information was then carried to monthly charts, a 
letter for each day of the month being used and inserted 
in the appropriate " azimuth-hour ” block indicating the 
hour at which a particular azimuth was disturbed. 



Fig. 4 b.—R ecord for flth-fith May, 1931. 

Characteristic colours for the letters were further em¬ 
ployed to indicate the type of disturbance as outlined 
above. Figs. 5a and 5b show the charts for December, 
1932, and August, 1931; for reproduction in monochrome 
the daily letter has been dropped and characteristic 
symbols have been adopted for the four types of dis¬ 
tribution, namely a long line for Type A, a large dot for 
B, a short line for C, and a small dot for D. 

These monthly charts have been collected into annual 



Fig. 4 d.—R ecord for 19th-20th October, 1930. 


charts; that for the period August, 1931, to July, 1932, 
forms Fig. 6. Here the number of dots in a block 5° 
(horizontally) by 1 hour (vertically) indicate the number 
of days in the year on which, that particular azimuth was 
disturbed at that hour. 

In view of the difficulty of publishing the 12 monthly 
charts complete, three periods have been taken, each 
covering 3 hours, centred on the hours 1000, 1000, and 
2400 G.M.T., these periods showing the general trend of 
the diurnal variation of disturbed azimuth. Curves have 
been prepared in which the frequency with which any 


g.m.t. g.m.t. 
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azimuth is disturbed in any month is shown by the height 
of the curve, the frequency of disturbance being expressed 
as a percentage of the total number of days in the month 


Summer 

Fig. 4b shows a normal day chart, and Fig. 5b a mean 
monthly distribution diagram for the summer months. 
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Fig,. 5a.— Distribution of disturbed azimuths at each hour, December, 1932. 

! Typo a "I 

* i'ypQ q /■ Disturbance characteristics. 

■ Type D J 


(Fig. 7). In addition to indicating the frequency, the 
area below the curve has been shaded to indicate roughly 
the mean intensity of the disturbance from each sector. 
This is discussed later. 


During the afternoon, disturbance arrives from the east 
and south-east and is of Type A, large individual dis¬ 
turbances occurring at moderate frequency. This after¬ 
noon disturbance is generally scattered over the sector 


H 

T. 


C) 



Fi«5. 5b. — Distribution of disturbed azimuths at each hour, August, 1931. 


I Typo A 

* Type B 
1 Type C 

• TypeD 


Disturbance characteristics. 


DISTURBED AZIMUTHS: DIURNAL AND 
SEASONAL VARIATIONS 
Considerable variation in the disturbed azimuth occurs 
both diurnally and seasonally, some variations being 
systematic whilst others appear to be of a purely random 
character. 


90°-200°, but the directions of peak intensity are alone 
plotted on the diagram. The manner in which these 
directions of maximum intensity vary from day to day 
over the quadrant will be seen in Fig. 5b. Activity com¬ 
mences at about 1000 G.M.T., is at its peak in the after¬ 
noon, and continues well into the evening hours. 
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An hour or two after sunset, sources to the west and 
north-west become the prominent feature. Individual 
disturbances are less intense than those obtained during 
the day, but the frequency of occurrence is much higher. 
The azimuth of maximum does not vary from day to day 
in the manner of the afternoon disturbance, nor is so wide 
a sector disturbed. Maxima lie between 270° and 300° 
during the summer. Whilst activity commences some 
2 or 3 hours after sunset, it dies away at about 0700 or 
0800 G.M.T., irrespective of the time of sunrise. 


but the most prominent source at all hours of the day lies 
to the west (Figs. 4a and 5a). Four distinct sectors are 
found, centred on 235°, 250°, 275°, and 290°. During the 
day activity is usually of Type C, but an hour or two 
after sunset the received intensity and also the frequency 
of occurrence increase rapidly, and a Type B distribution 
obtains. Maximum activity occurs at 250° and 275° 
during the hour ai'ound midnight, while at 235° and 290° it 
occurs after midnight and continues until early morning. 
The four centres are not often found on a single chart, 



Fig. 6.—Annual distribution of disturbed azimuths at each hour. 


During the evening and throughout the night hours 
another active channel, at 210°-230°, is often shown. 
The intensity of individual disturbances is relatively 
small, but often the frequency of occurrence is quite 
high. Maximum activity in this direction occurs during 
April and May. 

Winter 

During the winter months very little disturbance 
arrives from the east or south-east. Occasional large 
individual disturbances are registered in this direction, 


and the relative amplitude of disturbance in each sector 
varies from day to day. On the record reproduced as 
Fig. 4a the sector at 290° contains the heaviest disturb¬ 
ance, while practically nothing is found at 270°. On this 
record a little activity (Type C) will be seen to the south 
during the evening, but this seldom attains an amplitude 
comparable with that from the west nor is the frequency 
of occurrence so high except in the months of October 
and November (Fig. 4d), when southerly activity is some¬ 
times found throughout the clay, with its peak in the 
afternoon. As summer approaches, the sources at 270° 
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Key to intensity shading: 



and 290° spread northward, while the sector found in 
December at 235° disappears and activity around 210° 
becomes prominent during the early evening. 

The variations from month to month on these general 
tendencies may be seen in Fig. 7. Points which will be 
noted are: (1) the persistence of the westerly sources 
throughout the year during night hours, (2) the northerly 
movement of the night-time sources with the approach of 
summer, (3) the similarity between the azimuthal dis¬ 
tributions in the forenoon and in the afternoon, (4) the 
increase of activity in these channels during the afternoon, 
(5) the limitation of the disturbance from south-easterly 
sources to the summer season. 

The annual distribution diagram (Fig. 6) shows the 
number of occasions on which a particular azimuth was 
disturbed at each hour throughout the year. This 
number may be obtained by counting the number of 
individual spots in a block, 5° wide by 1 hour high. The 
scattered character of the afternoon disturbance and the 
concentration in azimuth of the night sources are clearly 
shown. Other points of interest which will be discussed 
later are: (1) the almost complete absence of activity 
from the northern quadrant extending from about 310° 
to 70°, (2) the narrow channel at 235° with very little 
activity, (3) the reduced activity around 265°, (4) the few 
occasions on which disturbance has arrived from the 
south. 

This chart, although for one year only, may be taken as 


typical of those obtained for the two complete years and 
portions of others covered by this analysis. How closely 
the distribution is repeated from year to year may be 
gathered from the annual curves for 1931 and 1932 



Degrees from north 


Fig.^8.—Mean annual frequency of disturbance, showing the 
percentage of the whole years during which disturbance 
was registered in any sector 5° wide. 

respectively, reproduced as Fig. 8. The general trends of 
the two are very similar, but minor variations will be seen 
in the positions of the peaks. These variations are 
relatively unimportant to the radio engineer, but to the 
geophysicist they may be of considerable interest when 
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variations fiom year to year in the regions of maximum 
thunderstorm activity and variations in propagation 
conditions are under consideration. 

INTENSITY OF DISTURBANCE 

The variation in intensity of the disturbance cannot be 
accurately obtained from the instrument described in this 
paper, for the following reasons. 

Suppose the frames to be in the position to record the 
disturbance in the narrow sector about angle 9. If at the 
same instant as an atmospheric arrives along this channel 
a second atmospheric is received of bearing 9 (>20°), 

that atmospheric will produce a current in the opposing 
set and will prevent registration of the atmospheric at 6°. 
In the limit, given two channels of disturbance 90° apart 
and atmospherics arriving along each with a time-interval 
between them shorter than the train of oscillations 
generated in the receivers by each, then no record would 
be obtained on the chart at all. Such extreme conditions 
have never yet been experienced in Great Britain, but it is 
probable that some few individual disturbances will be 
lost on this account and therefore too close an interpreta¬ 
tion of intensity from records from this type of instrument 
must be avoided. 

The provision of a switch to cut out the opposing set for 
alternate revolutions of the frame was at one time con¬ 
sidered, to provide alternate lines of “ cardioid “ and 
narrow sector ’ ’ record; but, in view of the very adequate 
intensity analysis ah'eady covered by the earlier paper 
and the confusion that might arise in analysis, such a 
switch was never used. Some indications of the intensity 
of the individual disturbances which are registered may 
not, however, be out of place here. 

The amplitude of pen deflection due to the atmo¬ 
spherics received over a short period was compared with 
the deflection obtained at the same time on the cathode- 
ray direction-finder,* tuned to the same wavelength, these 
deflections being recorded on film for detailed comparison. 
This apparatus had been calibrated in terms of the ampli¬ 
tude of a deflection produced by a steady field of measur¬ 
able intensity. The large individual disturbances of 
Type A, appearing as a line of 6 or 7 mm., were found to 
conespond to a field in excess of 10 millivolts per metre, 
those of the second and third groups of 5 millivolts per 
metre, while those of the fourth represented a field of less 
than 1 millivolt per metre, the smallest recordable deflec¬ 
tion being of the order of 0 • 25 millivolt per metre. 

While the amplitudes of the individual disturbances of 
Type A may be quite large, to the radio engineer they 
may not be so troublesome as those of Types B or D 
because of the greater frequency of occurrence of the 
latter.^ To give some indication of the “ disturbance 
value ” at any azimuth, shading has been added to 
Fig.. 7. This value was determined visually from the 
original charts by matching the number and intensity of 
individual disturbances obtained in a 10°-by-l-hour 
block on the chart against a code card, graded from 0 to 
10. No. 1 of the code would be given when 5 disturbances 
per minute, each not exceeding 1 millivolt per metre, 
were registered; No. 2 would be used for 15 per minute 
each not greater than 1 millivolt per metre, or 3 per 
minute each not greater than 5 millivolts per metre; and 
* See References (2) and (3). 


so on, until No. 10 labelled a record completely inked over 
—in which neither frequency of occurrence nor individual 
intensity could be measured. Occasionally No. 7 of the 
code had to be used, indicating a frequency of some 
200 per minute, many attaining at least 5 millivolts per 
minute. The mean hourly values for each month were 
used to determine the depth of shading in accordance 
with the key below the Figure. 

SOURCES OF DISTURBANCE 
From the earliest days of radio communication it has 
been recognized that visible lightning produces the pro¬ 
longed " crashes ” heard in receivers, and many workers, 
among the earliest being Popofi* and Fenyi.f have 
investigated the possibility of forecasting by radio the 
approach of thunderstorms. There are, however, other 
types of atmospherics, referred to in the literature as 
“grinders,” “rattle,” etc., appearing on our records as 
distributions of Types B, C, or D, the origin of which has 
been a matter of controversy. De GrootJ suggested that 
they were produced by the bombardment of the higher 
regions of the atmosphere by cosmic rays, and estimated 
the height of the region as from 200 to 000 km. In his 
early work Schindelhauer§ supported this view of their 
origin, and when it was shown by Watson Watt,|| in the 
work from which the present investigations developed, 
that they had marked directional properties Schindel- 
hauer'ff introduced the effect of the earth’s magnetic 
field, and its action in producing a spiral motion of the 
incoming particles, to explain these directional charac¬ 
teristics and their variation with time and season. 
Hubert,** from observations in West Africa, concluded 
that they were due to invisible discharges occurring at an 
altitude of some kilometres, at tens of kilometres from 
the receiver, between air masses of differing potentials, 
while Austinff suggested that discharges between the 
meteorological cloud system over Mexico and Central 
America, and the electrified layers above it, produced the 
static of a “ grinding ” character heard in the U.S.A. 
All these explanations imply that the source of the static 
is local to the receiver, certainly within a few hundred 
kilometres. On the other hand, BaumlerJJ suggested 
that since he obtained atmospherics simultaneously from 
stations very far apart, the source must be at a great 
distance relative to that between the separate receivers. 
Measurements by Wilson§§ of the energy dissipated in a 
lightning flash showed that radiation from it could be 
expected to affect receivers over most of the earth, and 
led both Appleton and Watson Watt to conclude that 
tropical thunderstorm regions were probably the origin 
of the frequent low-amplitude atmospherics under dis¬ 
cussion. These two workers differed, however, in their 
opinions as to the extent to which the visible flash could 
be regarded as the sole source of the atmospheric. 
Appleton|||| maintained that the origin of all atmospherics 
was to be found in lightning flashes, and in a recent 
publication*!]*[[ he reiterates this point of view, while the 
work of Watson Watt*** on locating the source by audio 
direction-finding at a number of stations had shown that 
many atmospherics originate in rain regions where no 

5 fSFISr* (9) ,i Tf, f Ibid -> ! 10 )- t Mil., (11). 

4 juii' frJ' J [if," (HI- K Jm -- l u )- ‘ t “‘‘ Ibid., ( 10 ). 
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lightning flashes had been recorded by the meteorological 
observers. Further support was given to the theory of 
tropical thunderstorm origin by the short series of obser¬ 
vations made by Round, Eckersley, Tremellen, and 
Lunnon* in their voyage to Australia and back. The 
estimate that some 100 flashes occur each second over 
the whole globe, made by Brooks,f and the assumption 
that a large number of the atmospherics generated by 
them would affect receivers in all parts of the world, 
indicate that atmospherics in sufficiently rapid succession 
to account for the “ rattle ” or “ grinding ” noise may 
reasonably be expected from such sources, and support 
the hypothesis of tropical thunderstorm origin, leading to 
an examination of the bearings of the atmospherics re¬ 
corded in relation to the bearings of regions of tropical 
thunderstorms. 

In Figs. 9a and 9b the results of the thunderstorm 
investigation made some years ago by Brooks have been 
set out on a zenithal azimuthal graticule centred on 
London, produced by J. St. Vincent Pletts. This map 
projection shows the true distance and direction from its 
centre of any point on the earth’s surface; thus the azi¬ 
muths of the several thunderstorm • centres and their 
relative distances from the receiver are clearly presented, 
and the geographical nature of the paths to the receiver 
is easily realized. The shaded areas on the two charts 
show regions where storms occur on more than 20 % of 
the days during the periods April-September (summer) 
and October-March (winter). It will be seen that three 
active regions exist, one in the East Indies, another in 
Central Africa, and the third in Equatorial America, 
bearing 60 o -80°, 140°-170°, and 210°-300° respectively. 
In all of these regions thunderstorms were found to occur 
on at least 30 % of the days of the year, and if we con¬ 
sider the hours of peak activity in any region to be during 
the late afternoon (local time) we should expect maximum 
disturbance to be registered here from each of the centres 
at about 0600-0800, 1400-1600, and 1900-2100 hours 
G.M.T. respectively. 

To enable direct comparison to be made, curves show¬ 
ing the frequency with which disturbance was registered 
in any direction are inscribed within the boundaries of 
the charts. In Fig. 9a, curves for the winter periods 
1930-31 (Curve a), 1931-32 (Curve b), and 1932-33 
(Curve c), are drawn and averaged to form Curve d, 
whilst in Fig. 9b those for the summer of 1931 (Cuive a) 
and the summer of .1932 (Curve b), with c as mean, are 
shown. Thus we may read off directly that the most 
frequently disturbed sector in 1931 lay on the great circle 
passing through the east-coast regions of North America 
and Mexico, and that the 5° sector centred on this azimuth 
was disturbed for 12 % of that summer period; the ampli¬ 
tude of the curve is measured radially inwards from the 
boundary in accordance with the associated scale indicat¬ 
ing the percentage of the period during which atmo¬ 
spherics were registered in any sector 5° wide. 

There can be little question that disturbance in the 
channel 250°~280°, the prominent feature of records dur¬ 
ing the night hours (see also Fig. 7), originates in the 
American thunderstorm belt. The mid-winter peaks at 
255° and 275° respectively indicate sources in the north¬ 
east comer of South America and the Mexican Gulf. 

* See Reference (21). . t Ibid., (4). 


With the approach of the northern summer the 280° 
channel spreads northward to include the eastern coastal 
regions of North America, while the 260° South American 
source wanes, thus fitting closely the northward move¬ 
ment of the thunderstorm belt with movement of the sun 
to its northern solstice. These westerly sources gradually 
die out between about 0800 and 0900 G.M.T. irrespec¬ 
tive of season, this being much later than one would 
anticipate for the cessation of storms on the American 
continent, but them appearance in the evening appears 
to lag some 2 hours behind the time of sunset, suggesting 
considerable control of the received amplitude by trans¬ 
mission conditions across the Atlantic. 

The summer afternoon activity, from the east and 
south-east (Fig. 7), characterized by its individual dis¬ 
turbances of large amplitude and producing the peaks 
in this direction shown by the curves of Fig. 9 b, un¬ 
doubtedly originates in the European thunderstomi 
regions. The increase in April, the peak in June, and 
the decrease in autumn, all follow closely the increase and 
decrease in solar altitude over this area. The angular 
variations of the azimuth of peak disturbance suggest 
moving sources at moderate distances, and the earlier 
work with several recorders of the old pattern has shown 
how the movements of the sources may be followed by 
two or three recorders suitably located.* Infrequently- 
occurring large individual disturbances, recorded over 
this sector during the winter months, have their origin 
in the discharges which even at this season accompany 
the passage of cold fronts over Western Europe. 

The sector 200°-220°, activity .in which appears during 
the late afternoon and evening in most months, would 
include the west coastal regions of France, Spain, North 
Africa, and the north-east coast of South America. 

Very seldom are atmospherics recorded from the sector 
330°—60°. In summer, a thunderstorm centre passing 
over the northern part of the British Isles produces a 
little disturbance, but in general this freedom agrees with 
the paucity of thunderstorm activity in this region, as is 
to be expected. An occasion when disturbance occurred 
in this sector has already been mentioned (Fig. 4c). 
Here the main source was a large storm centre passing 
across the Midlands from west to east, while a secondary 
centre moved up from the south-west, passed over the 
receiver producing the omni-azimuthal record at about 
2300-2400 G.M.T., passed away in a north-westerly 
direction, and died out. Contrary to expectation are (a) 
the almost complete absence of disturbance at 60°-70°, 
the sector including the East Indian thunderstorm region 
which is active during the early morning hours here; 
and ( b ) the few occasions on which the bearing 150°-170° 
reveals the rapid succession of discharges known to be 
occurring in Central Africa, particularly during our 
winter. In analysis of the records from the ambiguous 
recorder f it was the practice to interpret continuous dis¬ 
turbance recorded at 60°-100° or 240°-280° throughout 
the night and early-morning hours, as indicating sources 
to the south-west at night merging into those from the 
north-east in the early morning as the solar influence in 
the Far East became effective in thunderstorm produc¬ 
tion. It is now quite certain that nothing reaches this 

* See References (1), (C), and (6). 

t See Reference (1). 
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country from the east with intensity greater than 
0-2 millivolt per metre, while from the west intensities 
10 times as great are normal. It is improbable that this 
difference is due to varying amplitude at the source, so 
that the explanation must be sought in the difference in 
transmission conditions over the paths travelled in the 
two cases. 

The path to the East Indies is almost completely 
overland, crossing Europe, Central Asia, and Indo-China; 


The Central African source has also to traverse a day¬ 
light land path, with the result that while occasionally 
southerly disturbance has the characteristics one would 
expect from such a source, it never attains the intensity 
reached by that from the west. 

This absence of atmospheric disturbance from the 
East Indian and African sources has been also found by 
Bureau, working with a similar type of recorder in Paris 
in 1933 and 1934;* while Munro, Wark, and Higgs,f 


N 



Fig. 9 a 


whilst that from the West Indies and South America is 
almost entirely a sea path. At times when the sources 
are active in the east the land path is in full daylight, 
whilst those to the west are productive when a dark path 
obtains. The distances in the two cases are similar, so 
that if we assume comparable energy at the source the 
difference in received intensity, a change of at least 10 : 1, 
must be produced by the variation in ( a) ground con¬ 
ductivity and ( b ) night-time and daytime attenuation in 
the medium. That ( b ) is of real significance even at these 
frequencies is suggested by the manner in which the 
westerly source is suppressed until some 2 or 3 hours 
after sunset. 


working in Australia, find these areas the sources of their 
maximum activity and obtain little disturbance from the 
American centres. From the geographical position of the 
Australian receiver there is a sea path and comparable 
distance to both African and American centres. Thus 
most of the variation in received intensity in their case is 
attributable to ionization conditions above the earth and 
not to surface conductivity. 

It has been stated earlier that during the northern 
summer the western sources have a much more northerly 
origin. From this it must not be inferred that during 
the winter months no disturbance arrives from North 
* See Reference (7). f Ibid., (8). 
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America. Reference to Fig. 9a shows the peak around 
280° in 1931-32 to be as high as that at 250°, although 
from Brooks’ analysis thunderstorms occur on less than 
10 % of the days in the North American area. In 
1930-31 and 1932-33 this peak at 280° was less prominent, 
and this would appear to indicate variation in the relative 
intensity of thunderstorm activity in these different parts 
of America from year to year. How accurately these 
curves can be used as an indication of these variations 


further disturbance at night until the end of the month, 
with activity during the daytime also during the last 
4 days. 

During the early part of the month a succession of 
shallow depressions crossed the Northern States and 
Canada, with practically no evidence of associated 
thunderstorm activity on the Continent. The activity 
registered during the first few days probably originated 
in the squall conditions with heavy hailstorms in the 



cannot be stated without day-to-day comparison with 
world-wide meteorology. Were the meteorological data 
adequate such a comparison would be economically pro¬ 
hibitive; but, to test how accurately the thunderstorm 
variations in North America are being indicated at 
present, a comparison was carried out for January, 1933. 

The recorder charts indicated a few hours’ activity in 
this channel on each of the first 5 days of the month. It 
was then almost undisturbed until the 17th, except for 
1 hour during the night of the 7th-8th and for 7 hours 
during the night of the llth-I2th. Considerable dis¬ 
turbance was then registered from the 17th until the 
22nd, a quiet period from the 22nd to the 24th, and then 


Northern Atlantic at that time, a thunderstorm being 
reported off Nova Scotia on the 1st. The two nights with 
activity during the otherwise quiet period 6th—17th 
coincide with recorded thunderstorms near Boston on, the 
7th and in the Southern States on the 11th. 

On the 16th a depression moved in from the Pacific, 
followed by a second on the 18th, and crossed the 
country, resulting in widespread thunderstorms in the 
Central States and Mississippi Valley on the 18th, 19th, 
and 20th-22nd, coinciding exactly with periods when 
atmospherics were recorded. 

Two further depressions originated in the United 
States about the 24th, rapidly deepened, and had moved 
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out to sea off the east coast by the 27th. There they 
remained stationary, still deepening, for some days, and 
finally filled up and passed northward at the end of the 
month.. These were associated with "widespread thunder¬ 
storms in the South-eastern States on the 24th-25th, but 
thereafter only one or two stations reported thunder¬ 
storms each day. The atmospheric records suggest much 
more intense electrical activity during the days when the 
associated fronts were over the Atlantic than during their 
travel over land; whether the discharge originating the 
atmospherics was visible lightning which escaped direct 
observation at sea, or invisible inter-cloud discharge, 
must remain a matter for conjecture. Very high winds 
were associated with this centre, reaching hurricane force 
over sea on the 26 th and 27th. There seems little doubt, 
however, that the sources of the atmospherics were 
associated with this intense depression, and it is not 
without interest that during the time that it was active 
over sea atmospherics were received during the whole 
24 hours, although during the daytime the intensity of 
disturbance was much less than at night. 

It would appear then that the majority of the atmo¬ 
spherics producing disturbance in long-wave reception in 
this country are generated in distant regions of thunder¬ 
storm activity. They suffer variable attenuation in pro¬ 
pagation, depending on the ionization conditions of the 
path along which they travel, with the result that 
American sources supply the majority of those with a 
field strength exceeding 1 millivolt per metre in England. 
Summer afternoon and evening sources lie in the thunder¬ 
storms of Europe, but American sources always pre¬ 
dominate during the night and early morning. 
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DISCUSSION ON 

“THEORY AND PERFORMANCE OF THE ICONOSCOPE”* 


Dr. F. C. Williams ( communicated) : The sections of 
this paper of greatest interest to me are those dealing 
with the signal/noise ratio. The exact calculation of 
noise in such a complicated device is a matter of consider¬ 
able difficulty, and the authors appear to have made some 
simplification in the earlier section entitled “ Calculation 
of the sensitivity of the iconoscope.” Here they calcu¬ 
late the noise output with reference only to the thermal 
noise in the coupling resistor and shot noise in the 
amplifier; they omit the shot noise originating in the 
iconoscope. 

-O 

They state on page 67 that “ Fjy = K^fR- 

Although the beam current does not in fact traverse 
the resistance R, it appears probable that its shot 
fluctuations will generate a noise across R relevant to 
such traversal. Further, the secondary and photo¬ 
currents which make up the actual return path of the 
beam current will probably contribute a further, more 
or less independent, shot fluctuation across R. Thus if 
I b is the beam current, it appears very probable that 
there will be a fluctuation current traversing R whose 
mean-square value is 

? = 2 A b I b edf 

where A b is some factor, probably not less than 2, which 
expresses the extent to which the fluctuations in R 
exceed those relevant to the passage of a temperature- 
limited current I b through R. That A b will be of the 
order of 2 seems to be implied in the section relating 
to electron multipliers; experimental evidence of its 
probability can be derived from the known properties of 
tetrode valves. With many such there exists an equili¬ 
brium potential for the anode (otherwise than zero) for 
which the anode current is zero. If the valve be set to 
operate at this point (by momentarily raising the anode 
potential above that of the screen) with a condenser 
and resistance in series connecting the anode and cathode, 
conditions are closely analogous to those obtaining in 
the iconoscope. Mr. E. B. Moullin has examined the 
fluctuations generated in R under such circumstances.f 
He found A b to be of the order of 2 or more; precise 
statement is impossible since l b was unknown and flicker 
effect was present. 

It follows that the signal/noise ratio in the iconoscope 
is the same as that obtaining in a simple photocell and 
amplifier having a photo-current A b I b r the signal photo¬ 
current being given an arbitrary r.m.s. value J 0 for the 
time being. I have discussed this last circuit in a paper 
recently submitted to The Institution.J It is there shown 

* Paper by V. K. Zworykin, Ph.D., G. A. Morton, Ph.D., and L. E. Flory 
(seepage 03). Reprinted from Journal I.E.E., 1038, vol. 82, p. 561. 

t Proceedings of the Royal Society, 1034, A, vol. 147, p. 1U0._ Actually, the 
condenser was short-circuited in his experiments. Since I is zei'o tins is 
immaterial; the. fluctuation in Upvill be unaffected by its introduction, provided 
it is great compared with the anode-cathode capacitance. 

t “ Co-existent Thermal and Thermionic Fluctuations in Complex Networks. 


that with the circuit of Fig. A the (noise/signal) 2 ratio is 


2 A h I b ef 0 1 

f 2lcT AI 

111 ! 

( 1 +i-R 2 6’ 2 m^\ 

p ] 
o 1 

i 1 eRA b I b 1 (fA b I b 

V Rp )) 


where 

A/J), — mean photo-current. 

J 0 = r.m.s. signal current from the photocell. 

R — coupling resistance in series with the photocell. 
C — interelectrode and stray capacitance from grid 
to earth. 

I — mean anode current of the valve. 

A — measure of the depression of shot effect by 
space charge. 

<7 = mutual conductance of the valve. 

/ 0 = co 0 ( 27 T = band width to which the amplifier 
responds; 



it is assumed that by means of correcting circuits later 
in the amplifier the response is held constant at all 
frequencies from zero to / 0 whatever the value of R, and 
that the response is zero above/ 0 . 

It is evident that, as R is increased, S decreases steadily 
to the limit 

& = -Fpt 1 + 

thermal noise in R, represented by the second term in the 
first expression, being then negligible. The term outside 
the bracket is the (noise/signal) 2 in the photo-current, 
or, in the case of the iconoscope, the basic limit at the 
mosaic. The second term inside the bracket represents 
the fractional extent to which valve noise supplements 
the basic noise. Valve noise will be negligible if 

Al&uft 
Zc/A b I b < 

r - 

b 3 g*A b 


i.e. 
C 135 ] 
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With typical values this reduces to 

lb > 0*15 /xA. 

Hence with a high value of coupling resistance 
(.R = 1G 5 to 10 G ohms is sufficient) and subsequent 
frequency compensation, we shall have, if IJ, — 0-5 /xA, 

$2 >—' ^ 1—0 

h 

With the authors’ notation, and with J 0 — FpIcA, this 
reduces to 

i = „ = V(2 A b I b ef 0 ) 

•• N * FplcA 

or f = o) 

plcA 

Hence with N — 10, A& = 2, and 1/j — 0-5 /xA, and 
their values for the remaining factors, 

F = 0*2 x 10 —3 lumen/cm? 


as against 0-7 x 10~ 3 lumen/cm? according to the 

authors. 

Thus the use of high R and subsequent correction 
should improve the sensitivity by a factor of 3|. 

The improvement obtained by this method does not 
appear capable of attaining such values as are possible 
with secondary multiplication, for valves are not avail- 
, . , AIC 2 co 2 . 

able for which __L 1 is sufficiently low to permit of 

<j 2 Ab 

the advantageous use of much lower values of l ft . But 
it does appear that the adoption of the system would 
permit of the more advantageous use of the present 
commercially-produced iconoscopes. 

It is perhaps worth noting that it can be shown from 
the first equation that the authors’ assessment of valve 
noise is probably rather high; if the same typical valve 
properties are assumed for R — lOAo as were assumed for 
high values of I?, the value otF is about 0-5 lumen/cm? 


MEETINGS OF THE WIRELESS SECTION 

139th MEETING OF THE WIRELESS SECTION, 1ST DECEMBER, 1937 


Mr. T. Wadsworth, M.Sc., Chairman of the Section, 
took the chair at 6 p.m. 

The minutes of the meeting held on the 3rd November, 
1937, were taken as read and were confirmed and signed. 
A paper by Messrs. A. E. Barrett, M.A., and C. J. F. 


Tweed, Associate Members, entitled “ Some Aspects of 
Magnetic Recording and its Application to Broadcast¬ 
ing ” (see page 73), was read and discussed. 

A vote of thanks to the authors, moved by the Chair¬ 
man, was carried with acclamation. 


140TH MEETING OF THE WIRELESS SECTION, 5th JANUARY, 1938 


Mr. T. Wadsworth, M.Sc., Chairman of the Section, 
took the chair at 6 p.m. 

The minutes of the meeting held on the 1st December, 
1937, were taken as read and were confirmed and 
signed. 


A. paper by Mr. D. A. Bell, B.A., B.Sc., Graduate, 
entitled “ A Theory of Fluctuation Noise ” (see page 97), 
was read and discussed. 

A vote of thanks to the author, moved by the Chair¬ 
man, was carried with acclamation. 


12th INFORMAL MEETING OF THE WIRELESS SECTION, 25th JANUARY, 1938 


Mr. T. Wadsworth, M.Sc., Chairman of the Section, 
took the chair at 6.30 p.m. 

The minutes of the Informal Meeting held on the 
23rd November, 1937, were taken as read and were 
confirmed and signed. 


A discussion, opened by Mr. L. 11. 'Bedford, M.A., took 
place on “ Cathode-Ray Tubes for Wireless Purposes.” 

At the conclusion of the discussion a vote of thanks 
was accorded to Mr. Bedford for his introductory 
remarks. 


141ST MEETING OF THE WIRELESS SECTION, 2ND FEBRUARY, 1938 


Mr. W. J. Picken, Vice-Chairman of the Section, took 
the chair at 6 p.m. 

The minutes of the meeting held on the 5th January, 
1938, were taken as read and were confirmed and signed. 
A paper by Prof. C. L. Fortescue, O.B.E., M.A., 


Member, and Mr. G. Mole, Ph.D., B.Sc., entitled “ A* 
Resonance Bridge for Use at Frequencies up to 10 Mega¬ 
cycles per Second ” (see page 112), was read and discussed. 

A vote of thanks to the authors, moved by Mr. Picken, 
was carried with acclamation. 





